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Abstract 
 
Projections of how reef corals will respond to climactic changes such as ocean acidification 
are limited by our understanding of their fundamental physiology, such as the mechanisms of 
how proton flux and pH are regulated. Green fluorescent protein (GFP)-type proteins present 
within corals have been hypothesized to have multiple biological roles, such as light 
regulation and photoprotection of symbiotic zooxanthellae. A previously experimentally 
unexplored role of GFP-type proteins within corals is proton pumping under light excitation. 
The aim of this study was to investigate the effect of GFP-type proteins on coral proton flux 
and change in pH in response to light illumination. This was achieved by comparing 
fluorescent and non-fluorescent samples of Euphyllia glabrescens and Favia pallida in 
response to different illumination wavelengths. Non-invasive microelectrode ion flux 
estimation (MIFE) measured proton flux and pH at the tissue level, and confocal microscopy 
and the pH sensitive fluorescent probe SNARF-1 AM was used to determine pH at the 
cellular level. Cytosolic pH of fluorescent host cells of E. glabrescens significantly decreased 
by 0.16 pH units in response to 60 minutes of blue light illumination. Furthermore, no 
response in cytosolic pH from non-fluorescent cells or under red illumination was observed. 
At the tissue level, blue and red wavelength illumination of F. pallida polyps resulted in 
approximately double the proton flux and pH change in high fluorescent areas than that of 
low fluorescent areas. This light activated acidification of cells and larger proton flux 
observed in fluorescent samples could be generated by GFP-type proteins as a mechanism to 
counteract the large increase in pH generated by zooxanthellae photosynthesis, potentially 
increasing both calcification and photosynthetic rates. The observed increase in proton flux in 
the presence of GFP-type proteins would enable reef corals greater capacity to modulate their 
pH, increasing their resilience to ocean acidification. 
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1. Introduction 
Coral colour is derived from a superfamily of green fluorescent proteins (GFP) or GFP-type 
proteins. Fluorescence is the result of excitation of a fluorophore by a specific light 
wavelength re-emitted at a lower energy, and is different from bioluminescence, which is the 
generation of light as a product of a chemical reaction. The GFP-type proteins create intricate 
patterns through their expression in corals, however the function of their vast colour diversity 
remains a mystery. Corals (Class Anthozoa, Phylum Cnidaria) are keystone species in coral 
reef ecosystems, and are being exposed to increasing environmental stressors driven by 
climate change (Hoegh-Guldberg 1999). Research has identified that GFP-type proteins in 
corals may enhance their resilience and survival following mass bleaching events caused by 
increasing sea temperatures (Salih et al. 2000; Smith et al. 2013). This project investigated 
the role of GFP-type protein pigmentation in reef corals in light activated proton (H+) ion 
flux. If GFP-type proteins do affect H+ flux, this may further increase the resilience of 
fluorescent reef corals to climactic changes such as ocean acidification (OA). This is a novel 
investigation, as previous studies have not reported on whether GFP-type proteins impact ion 
dynamics in corals. 
 
Only several physiological functions of GFP-type proteins have been confirmed, yet despite 
their crucial role in coral biology, as well as their widespread use in biomedicine and cell 
biology as fluorescent cellular and protein markers, the extent of their physiological role in 
corals remains poorly understood. GFP-type proteins are encoded within a single gene, form 
autocatalytically, fluoresce without cofactors (except molecular O2) and are non-toxic, which 
allows them to be easily transfected into cells and be used extensively in bio-imaging (Tsien 
1998; Miyawaki, 2002). Understanding and development of GFP-type proteins is of high 
importance, with the 2008 and 2014 Nobel prizes in chemistry awarded for the discovery and 
biotechnological development of the GFP protein derived from the jellyfish Aequoria 
victoria, and development of techniques (super-resolution imaging) involving GFP-type 
protein use, respectively. 
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1.1  Physiological Roles of GFP-type Proteins 
 
The primary physiological role of coral GFP-type proteins is photoprotection of the 
zooxanthellae (Symbiodinium spp.) – the algal symbionts living within the coral (Salih et al. 
2000). Corals receive up to 95% of their energy from zooxanthellae in the form of excreted 
photosynthates (Muscatine and Porter 1977). These photosynthetic dinoflagellates are 
sensitive to excess light, with over-excitation leading to photoinhibition, resulting in 
irreversible damage to photosystem II (PSII) and reduction in photosynthetic capacity (Roth 
et al. 2013). Generally, photosynthetic photon flux density (PPFD) over 600 μmol m-2 s-1 
results in the production of reactive oxygen species (ROS) that in particular damage the D1 
protein of PSII and its repair mechanism of rubisco resulting in photoinhibition (Smith et al. 
2005; Roth et al. 2013). ROS can also cause damage to membranes, DNA and organelles in 
corals and zooxanthellae (Weis 2008). Although corals have antioxidant defences, these can 
become overwhelmed if over excitation of zooxanthellae is combined with other stressors 
such as fluctuations in temperature, pollution or pH. Due to the susceptibility of 
zooxanthellae to over-excitation, GFP-type proteins guard them from high intensity light by 
absorbing it and re emitting it at a lower energy away from the zooxanthellae (Salih et al. 
2000). Photoprotection is especially important as wave lensing effects from surface water 
movement can create highly intense flashes of light, up to 150% of mean solar irradiance at a 
depth of 20 metres (Veal et al. 2010). GFP-type proteins have been found to reduce 
chlorophyll excitation in zooxanthellae by 50%, and are positively correlated with 
zooxanthellae survival (Smith et al. 2013). In corals containing multiple GFP-type proteins, 
energy transfer is observed when the emission spectra of one GFP-type protein overlaps with 
the excitation of another (Gilmore et al. 2003). This process is known as Fluorescence 
resonance energy transfer (FRET), and if GFP-type proteins are within 1-5 nm distance of 
each other, radiationless energy transfer can occur which can be observed by the altered 
lifetime of the fluorescence of donor GFP-type proteins (Cox et al. 2007). FRET does not 
always occur even with colocalised GFP-type proteins with overlapping spectra, yet in other 
instances with more than two GFP-type proteins present a FRET chain can be observed, 
indicating a complex regulatory function on the molecular level (Cox et al. 2003). Energy 
transfer has also been observed from the bioluminescent photoprotein aequorin to the wt-GFP 
in the A. victoria (Gorokhovatsky et al. 2004). In addition to modulating the light 
environment for zooxanthellae, GFP-type proteins also control thermal properties of corals 
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by light absorption (Lyndby et al. 2016), as 90% of the incident photosynthetically active 
radiation (PAR, 400-700 nm) absorbed is converted into heat (Brodersen et al. 2014). This 
conversion of light energy to heat can result in an increase in the surface temperature of the 
coral of 1°C relative to the surrounding seawater (Jimenez et al. 2008). GFP-type proteins 
also act as antioxidants, directly absorbing ROS such as H2O2 generated by high light stress 
(Palmer et al. 2009). 
 
Some species of reef coral exhibit intraspecific phenotypic diversity arising from different 
types and concentrations of GFP-type proteins present, resulting in colour morphs (Dove et 
al. 2006). Zooxanthellae distribution is found to be dependent on colour morph and depth 
(Frade et al. 2008), and calcification rates have been found to vary between different morphs 
(Takabayashi and Hoegh-Guldberg 1995). Pigmented corals also up-regulate the 
concentration of GFP-type proteins in response to light, resulting in light and dark adapted 
sides of coral (Marubini et al. 2001). Zooxanthellae concentration is up to five times higher in 
light adapted areas (Marubini et al. 2001). This phenotypic diversity can also be present on a 
single coral, with patterned pigmentation varying the light environment experienced by the 
zooxanthellae throughout the coral (Dove et al. 2006). 
 
Photoprotection is the most explored in vivo function of GFP-type proteins within corals; 
however other biological roles have been identified. Under aerobic conditions and exposure 
to blue excitation light (488 nm), GFP-type proteins donate electrons to biologically relevant 
acceptors such as FAD, FMN and NAD (Bogdanov et al. 2009). The process is known as 
reddening due to the photoconversion of the GFP-type proteins green fluorescence to red. 
Although the mechanisms of this process are not fully understood, GFP-type proteins’ role as 
a light induced electron donor could be involved in an array of cellular processes such as 
light sensing or the production of reductive equivalents such as NADH and FADH2 
(Bogdanov et al. 2009). This photoconversion is common in many GFP-type proteins, and 
may potentially be its ‘primary’ function, with photoprotection and other roles evolving later 
(Bogdanov et al. 2009). Electron transport is often linked to proton movement, such as the 
electron transport chain in ATP synthesis (Mills and Ferguson-Miller, 2003). As electron 
transport has already been identified in GFP-type proteins, it is possible that they may also 
act as proton pumps (Agmon 2005).   
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The vast range of GFP-type proteins developed under positive evolution, indicating that they 
might have a secondary biological role (Alevia et al. 2008). Furthermore, photoprotection 
does not require diverse colours (Field et al. 2006). One of the identified potential roles is as 
a light activated proton pump, which could allow corals with FPs to more effectively regulate 
pH in response to changing environmental conditions such as OA. OA is driven by 
anthropogenic climate change and will result in increases in sea surface temperature and a 
decrease in carbonate ions needed for calcification. Even though GFP-type proteins would 
not have evolved to directly counteract OA, their potential ability to pump protons may 
enhance reef corals ability to adapt to these environmental stressors. During the 20th century, 
ocean temperatures have increased by an average of 0.74°C, pH decreased by 0.1, and 
carbonate ion concentrations have decreased from 240 μmol kg-1 to 210 μmol kg-1 (IPCC 
2007). Relative to pre-industrial conditions, projections show that sea surface temperatures 
are likely to increase by 2°C under scenarios RCP 6.0 and RCP 8.5 (IPCC, 2013), and pH 
may decrease by as much as 0.4 pH units by the end of the century (Raven et al. 2005). As 
the majority of corals live in highly stable tropical oceans, they have adapted to live within 
narrow physiological limits, and are therefore highly susceptible to changing conditions 
(Hoegh-Gulberg 1999). Specifically, coral-zooxanthellae symbioses are highly sensitive to 
fluctuations of pH and temperature, which can result in loss of zooxanthellae through the 
process coral bleaching and subsequent coral death (Hoegh-Guldberg et al. 2007).  
Intracellular pH (pHi) is of crucial importance to optimal cell function, as it modulates most 
cell processes including enzyme function, intracellular signalling and protein synthesis (Busa 
and Nuccitelli 1984). A drop of 0.1-0.2 pHi units can cause metabolic depression 
(Reipschläger and Pörtner 1996). Consequently, pHi is heavily regulated, with acute 
fluctuations buffered by weak acids and bases in the cytosol, and longer term variations and 
fluctuations are minimized through a system of membrane transporters (Casey et al. 2010; 
Boron et al. 2004). The ability of corals to adapt to OA is species specific, due to differences 
in abilities to buffer decreases in pH in their calcifying fluid (McCulloch et al. 2012). Current 
projection of how corals will be impacted by these changing conditions is hindered by a lack 
of understanding of the mechanisms of processes such as calcification and coral-
zooxanthellae symbiosis. Elucidating whether GFP-type proteins play a role in maintaining 
pH as a light activated proton pump at both the cellular and whole coral level is a 
fundamental step in determining the impact of OA and other changing environmental factors 
will have on coral health. 
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There are also other light sensitive proteins in corals apart from GFP-type proteins, known as 
opsins. There is some evidence to suggest that GFP-type proteins may be a type of opsin if 
they affect proton flux under light (Agmon 2005). Opsins may have a pivotal role in the light 
guided behaviours of coral larvae such as settlement and vertical positioning (Mason et al. 
2012). Three opsins were identified in Acropora palmata, two of which activate G protein 
alpha subunits that are homologous to those activated by rhodopsins in vertebrates and 
invertebrates. Other light sensitive proteins such cryptochromes observed in Acropora 
millepora larvae were expressed preferentially in light and showed increased expression 
during full moon nights as opposed to new moon nights, acting as an intrinsic clock for corals 
to help regulate spawning events (Levy et al. 2007). Furthermore, through observation of 
polyp contraction, corals were observed to be highly sensitive to blue light around 480 nm. 
This wavelength overlaps with that of the maximal transparency of oligotrophic waters, 
penetrating the water more than other wavelengths, allowing for maximum excitation of 
corals from moon light (Gorbunov and Falkowski 2002).  
 
Cnidarians have two cell layers, the outer ectoderm and the inner endoderm, separated by an 
extracellular matrix called the mesoglea (Figure 1) (Technau and Steele 2012). Zooxanthellae 
generally reside within host cells of the endoderm, with nematocysts placed in the ectoderm. 
In both layers, there are around a dozen cell morphologies and further cell diversity in gene 
expression – particularly in nerve cells (Galliot et al. 2009). 
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Figure 1.1: Bi-layered organization of a hydra polyp with endoderm (pink) and ectoderm 
(green) separated by the mesogloea (grey) (Technau and Steele 2012). 
 
1.2  Structure of GFP-type proteins 
 
Wild type GFP (wt-GFP) was first discovered in A. victoria (Shimomura et al. 1962), with 
many different homologues of this protein (GFP-type proteins) found in reef corals (Matz et 
al. 1999). Naturally present GFP-type proteins fluoresce upon excitation with a specific 
wavelength of light. Within corals, there are four basic colours of Fluorescent Proteins (FPs) 
– blue, green, red and one non-fluorescent purple FP (Labya et al. 2002). GFP-type proteins 
are highly abundant, present in up to 97% of shallow water corals on the Great Barrier Reef 
(Salih et al. 1998; 2000). Of these colours, each FP has a specific excitation and emission 
spectra, and all are GFP-type proteins. Structurally wt-GFP consists of an 11-stranded β-
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barrel with a height of 3 nm and a diameter of 2 nm, and an α-helix running through the 
barrel (Ormo et al. 1992). Near the centre of the barrel is the 4-(p-hydroxy-benzylidene)-5-
imidazolidinone (p-HBDI) chromophore, which acts as a conjugated π-electron system and is 
responsible for the GFP fluorescence (Figure 1.2).  The chromophore is protected by the GFP 
barrel structure, resulting in high photostability (Prasher et al. 1992). It is comprised of two 
aromatic rings (hydroxyphenyl and imidazolinone) connected by a methane bridge. The 
chromophore autocatalytically forms from the tripeptide Ser65-Tyr66-Gly67, with only 
dioxygen as a cofactor. Other proteins in nature also have this β-barrel, such as porins, 
streptavidin and retinol-binding proteins. Porins can act as membrane bound proteins and 
allow passive transport of solutes through the barrel of the protein (Nikaido 1992), indicating 
that a similar β-barrel in GFP-type proteins could also facilitate movement of ions such as 
H+. 
 
 
 
Figure 1.2: Structure of wt-GFP (1EMA Protein Data Bank). 
Chromophore 
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GFP-type proteins (both wild and engineered) vary from the amino acid sequence of the A. 
victoria-derived wt-GFP anywhere from 20% to 90% (Baird et al. 2000). Furthermore, the 
majority of Anthozoan GFP-type proteins are tetramers (formed from four GFP-type protein 
monomers) (Wall et al. 2003; Matz et al. 1999). All members of the GFP family have about 
220-240 amino acids. GFP-type proteins in coral have an elliptical (rather than cylindrical) 
barrel structure however all GFP-type proteins have a chromophore. In all naturally occurring 
GFP-type proteins, Gly67 and Tyr66 are strictly conserved, whereas Ser65 can be exchanged 
with another residue, which results in different optical properties. The three colours of 
fluorescent GFP-type proteins are cyan, green and red (Alevia et al. 2008). Cyan and green 
GFP-type proteins found in corals have the same chromophore, with all red GFP-type 
proteins in corals sharing another chromophore shape (Henderson and Remington 2005). 
Cyan proteins are discriminated from green proteins by their emission peak (<500 nm). GFP-
type proteins that exhibit peak emission 478-512 nm are predominantly in an anionic 
chromophore in ground state. However, some cyan (psamCFP and mmilCFP) and green 
(aacuGFP1, aacuGFP2, amilGFP and anobGFP) GFP-type proteins display absorption 
spectra that indicate that they may have a neutral ground-state chromophore (Alevia et al. 
2008). Other factors that can alter the fluorescence of the chromophore include changes to the 
tripeptide during maturation, dehydration and other processes as well as bonding to other 
nearby residues (Neinhaus and Weidenmann 2009). These alterations to the chromophore 
have resulted in a spectrum of FPs from cyan to red, as well as photo-activatable or 
photoconvertable FPs, which under specific excitation can change optical properties 
reversibly or irreversibly (respectively).  
 
1.3  Potential Light Activated Proton Pumping of GFP-type Proteins 
 
The GFP chromophore is a photoacid, and after excitation with UV light, a proton from 
Tyr66 is shuttled to proton acceptor Glu222. The two forms of the chromophore – neutral, 
protonated (p-HBDI) and anionic, deprotonated (p-HBDI-) – give excitation bands peaks at 
about 395 nm (band A) and 480 nm (band B) respectively. This interchange between HBDI 
and HBDI- occurs through a Förster cycle (Youvan and Michel-Beyerle 1996). After 
excitation, the chromophore transforms into an intermediate (State I) that can either emit a 
photon at 508 nm or rotate Thr203 to allow conversion to State B (Craggs 2009). The 
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deprotonated anionic chromophore is what gives the GFP its fluorescence (Chattoraj et al. 
1996). The anionic HBDI- fluoresces brightly at 503 nm, with a quantum yield of about 0.8 
and a lifetime of around 3 ns (Striker et al. 1999; Volkmer et al. 2000). The proton travels 
through a ‘proton wire’ (PW), which is a chain of hydrogen bonded atoms that support proton 
transport. In this particular PW, the proton hops from Tyr66 to a structural water molecule – 
named the privileged water molecule (PWM) – to Ser205 and finally to Glu222 (Figure 1.3). 
This transfer is known as excited state proton transfer (ESPT). This process has been 
extensively studied, and it was thought that once excitation of the GFP had ceased, the proton 
would return along the same proton wire back to Tyr66 completing the ‘photocycle’ (Stoner-
Ma et al. 2005), so that the proton movement was contained within the GFP, however this is 
now controversial. 
 
 
Figure 1.3: Proton wire involved in ESPT from chromophore Tyr66 (A) through the PWM, 
S205 to the proton acceptor E222 (I) (Salna et al. 2016). 
 
The time-resolved fluorescence of the wt-GFP used to determine its temperature dependence 
was found to decay via the power law: 
 
Fluorescence Decay = t-d/2 
 
where t is temperature (K) and d is the number of dimensions the proton involved in ESPT 
can diffuse into. 
 
This investigation found that fluorescence decay followed the power law t-1/2, indicating 
proton diffusion along the ‘one-dimension’ of the proton wire (Brejc et al. 1997). However 
above 230 K, the fluorescence kinetics underwent a transformation, with decay following 
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power law t-3/2, highlighting that that proton must dissociate into a 3-dimensional space 
(Agmon 2005). Due to the limited space within the rigid barrel of the GFP, the proton must 
escape the GFP to allow its three-dimensional diffusion into the bulk solution (Agmon 2005). 
Thr203 undergoes an excitation-induced rotation after ESPT, therefore acting as a two-state 
photoswitch – allowing movement of the proton from the acceptor Glu222 through Thr203 to 
His148 on the outside of the barrel (Figure 1.4), where it can irreversibly escape to the bulk 
solution (Agmon 2005; Leiderman et al. 2006; Agmon 2007). Later X-ray examination of wt-
GFP found an entry point into the GFP at the base of the barrel at Glu5, with a well-defined 
proton wire travelling from Glu5 to Glu222 (Shinobu and Agmon 2010). Furthermore, a 
network of negatively charged water, threonine and carboxylate molecules joined by 
hydrogen bonds was found on the outside of the GFP structure, termed a proton collecting 
apparatus or ‘proton antenna’ (Shinobu and Agmon 2010). As well as the negative charge, 
this proton collecting apparatus increases the surface area of the protein, attracting a greater 
number of positively charged protons and then funnelling them to Glu5, where they could 
travel to Glu222 and reprotonate the chromophore at Tyr66 (Shinobu and Agmon 2010).  In 
this scenario, as one proton is exiting and another is recruited, the GFP is therefore acting as a 
proton pump under light excitation. This scenario has not been confirmed. 
 
 
 
Figure 1.4: Alternative proton transport presented by Agmon (2005). Thr203 acts as a two-
state nanoswitch, undergoing an excitation induced 120o rotation allowing proton movement 
from Tyr66 through Thr203 to His148, and finally escape to the bulk solution (Leiderman et 
al. 2006). 
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1.4  Evidence Opposing Proton Pumping of GFP-type Proteins 
 
Although no research of proton pumping capacity has been done specifically on GFP-type 
proteins derived from Anthozoa, there is a considerable controversy as to whether the proton 
involved in ESPT escapes to the bulk solution outside of the GFP. Unlike other known proton 
pumps, GFPs are not membrane bound (Ong et al. 2011). Molecular dynamic (MD) 
simulations of wt-GFP found that the Ser205 involved in the proton wire can exist in two 
configurations – one that supports proton transfer from Tyr66 to Glu222, and one that inhibits 
proton transfer by not hydrogen bonding with neighbouring Wat25 (PWM) (Simkovich et al. 
2013). The long-time fluorescence tail of the chromophore, which decays as a power law of 
 t-3/2, may be attributable to these dual configurations. This kinetic data previously presented 
as evidence for proton escape from the GFP and diffusion into the three-dimensional bulk 
(Agmon 2005) could instead be a result of the Ser205 configuration that does not permit 
proton transfer. However this has not been confirmed.  
 
Further evidence conflicting the theory postulated by Agmon (2005) was provided recently in 
a paper (Salna et al. 2016), using a two-colour pump-probe to observe in detail the 
photocycle of GFP fluorescence, stating that the reprotonation of the chromophore IÆA has a 
high kinetic isotope effect (KIE). This indicates that the mechanism of reprotonation of the 
chromophore is proton tunnelling – rather than proton diffusion into bulk and recruitment of 
another proton. Salna et al. (2016) also found that the rate-limiting step in resetting the GFP 
proton wire is deep tunnelling of a single proton through the proton wire. Further comments 
were made on previous studies involving a substitution of the proposed final proton acceptor 
Glu222 with aspartate, which found that ground state proton transfer slowed by a factor of 
44, with a large decrease in KIE. It is understood that after excitation and proton delivery to 
the aspartate (Glu222 in wt-GFP), the proton wire breaks, greatly increasing the time needed 
for reprotonation of the chromophore (Salna et al. 2016). These results highlight that the 
proton wire, rather than proton diffusion out of the GFP, is responsible for reprotonation of 
the chromophore. 
 
Shinobu and Agmon (2017) have since responded, stating that the different configurations of 
Ser205 would result in biexponential kinetics, but it does not fully account for the power law 
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of t-3/2. It was also stated that conflicting data may be due to the nature of the research – X-
Ray measurements compared to molecular dynamic simulations. Although X-Ray 
measurements are crucially important, they are conducted at near 0°K temperatures, and do 
not account for the extensive dynamics and conformational changes occurring at around 
room temperature (Shinobu and Agmon 2017). At these low temperatures, the protein can 
become dehydrated – potentially losing water molecules important in proton wire structure.  
 
 There is significant evidence suggesting that proton diffusion into bulk from His148 does not 
occur in wt-GFP, however multiple other potential pathways have since been identified. 
Molecular dynamic simulations have identified a hole in the GFP barrel between strands 7 
and 10 at higher temperatures (Shinobu and Agmon 2015). Above temperatures of 320°K, 
this hole is large enough to allow H2O movement in and out of the GFP protein – allowing 
H2O molecules to replace the structural water molecule PWM involved in ESPT from the 
chromophore to E222. Furthermore, entry of multiple water molecules into the GFP through 
the hole were found to form a ‘water wire’ (WW) after rotation of Thr203 (immediately 
induced under excitation), allowing for transport of the proton out into the bulk (Shinobu and 
Agmon 2015). 
 
A further argument against proton movement out of the GFP is that the proton would not be 
able to move beyond an anionic glutamate (E222), which shows a high proton affinity 
(Simkovitch et al. 2013). Through observation of electron density maps and carboxylic C-O 
bond lengths of E222 it was concluded that E222 is protonated at low temperatures (100°K) 
required for X-Ray analysis of structure, but is anionic at room temperature. The proton 
required to protonate the E222 is hypothesized to come from a water pool at the base of the 
barrel – named WP1 (Shinobu and Agmon 2017). From this, a tentative model was proposed 
for long range proton transfer in the wt-GFP involving two protons – which is consistent with 
all seemingly conflicting data (Shinobu and Agmon 2017).  
 
In this proposed two-proton system, after excitation, electronic charge is delivered from the 
Tyr66 ring to bridging carbon CB2. This charge imbalance promotes the transport of two 
protons. At higher temperatures, it promotes the transport of a proton that leaves the OH-
Tyr66 ring and diffuses into the bulk solution via a WW through the GFP barrel through 
strands 7 and 10. At lower temperatures it dissociates in an internal WW. The second proton 
movement is from WP1 to E222, where after returning to ground state it transfers the proton 
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back to Tyr-66. A proton is recruited via the proton antenna and transported through the axial 
WW to WP1, completing the GFP ESPT photocycle (Shinobu and Agmon 2017). 
Interestingly, this two-proton scenario does not involve proton transport along the PW of 
Tyr66ÆWat25ÆSer205ÆE222, which has been extensively studied. This proposed 
mechanism accounts for all current time-resolved fluorescence and IR measurements, 
however it needs further investigation. 
 
Considering the mounting evidence presented above, Shinobu and Agmon (2017) concedes 
that proton pumping may not occur in the wt-GFP, however is more likely to occur in other 
GFP-type proteins. Interestingly, mutants of wt-GFP have been observed to have proton 
exchange with the bulk solution through the His148 residue (Bosisio et al. 2008). 
Observation of fluorescence dynamics of GFPmut2 (which has three substitutions at S65A, 
V68L and S72A), and two mutants (single mutations of H148G and E222Q) through two-
photon excitation and fluorescence correlation spectroscopy (FCS) was conducted. The 
protonation rate of the H148G mutant was three times faster than GFPmut2 – suggesting that 
both protonation and deprotonation of the chromophore is dependent on a H148-mediated 
exchange with solution. GFPmut2 also displayed fluorescence flickering – which was 
attributed to the protonation of H148 as the flickering matched protonation rates (Bosisio et 
al. 2008). No naturally occurring GFP-type proteins have been observed to pump protons. 
 
The majority of current scientific research has been directed towards the wt-GFP, however 
very little is known about the potential of GFP-type proteins in coral to act as proton pumps. 
The inability of wt-GFP to pump protons as discussed above is not a reliable indication of 
coral GFP-type proteins proton pumping as they only share 20-90% of the same amino acid 
sequence as wt-GFP (Salih 2012). Currently, even if GFP-type proteins were functional as 
light activated proton pumps, it is difficult to determine which pathway of the multiple proton 
wires and water wires identified would allow them to act as such. This complicates the 
selection of a GFP-type protein for this experiment. As mentioned earlier, Thr203 may play a 
crucial role in proton transport out of the GFP through His148 by acting as a two-state 
nanoswitch (Agmon 2005). Analysis of the structure of all GFP-type proteins currently in the 
RCSB protein databank finds 44 structures have the Tyr66, Thr203 and His148 residues 
necessary for potential proton pumping (Ong et al. 2011). Also, under the scenario where 
water wires are the primary route of proton transport out of the GFP, GFP-type proteins such 
as yellow fluorescent protein (YFP) and Turbo-GFP have been identified to have larger holes 
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in the barrel, suggesting that these FPs have a greater potential for water exchange and 
therefore proton exchange with the bulk solution (Li et al. 2012). 
 
A further complication to the elucidation of proton movement is the extensive structural 
dynamics during ESPT. Femtosecond stimulated Raman spectroscopy (FSRS) found an 
absence of KIE in the first picosecond of ESPT, suggested that there may be structural 
rearrangements before proton movement (Fang et al. 2009). This hypothesis was confirmed 
through computational studies by Petrone et al. (2016) who found that immediately after 
photoactivation, there is a conformational change in the chromophore with a more compact 
hydrogen bond network due to the chromophore relaxing in excited state. This reduces the 
activation energy and makes the PW from Tyr66ÆE222 more suitable for proton shuttling.  
 
1.5  Proton Pumping and pH Regulation in Coral 
 
Proton flux is central to many cellular processes. The proton motive force ψH+ is used for the 
generation and conversion of cellular energy (Casey et al. 2010). Protons need to be 
constantly pumped out of the cell for multiple reasons. As the cell interior is slightly 
negatively charged, it drives the uptake of protons across the membrane into the cell, as well 
as the production of CO2 which in the presence of water results in the conjugate acid HCO3- 
and net acids from oxidative phosphorylation in the mitochondria and ATP production in the 
cytoplasm (Grinstein et al. 1986; Casey et al. 2010). To achieve this efflux of protons from 
the cell, they must be transported against the electrochemical gradient, which is achieved 
through coupling to symporters or antiporters. It is possible that under light conditions, GFP-
type proteins may also impact on proton flux in and out of the cell. 
 
Multiple proton pumps have previously been identified within corals (Barott et al. 2015; Cai 
et al. 2016). pH has a high variability in different coral compartments and between different 
corals species due to processes such as photosynthesis and calcification (Table 1.1). Coral 
cells in the endoderm acquire zooxanthellae via phagocytocis, forming the intracellular 
membrane enclosed compartment known as the symbiosome. This microenvironment is 
acidified by the host cell using a proton pump – vacuolar H+-ATPase (VHA) which can lower 
the pH to 4 (Barott et al. 2015). This acidification of the symbiosome acts as a carbon 
concentrating mechanism (CCM), as a pH below 6.1 favours the speciation of dissolved 
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inorganic carbon (DIC) as CO2 rather than HCO3-, which can diffuse along the zooxanthellae 
plasma membrane. Inhibition of VHA resulted in a decrease in H+ activity of up to 75%, and 
a significant reduction in photosyntheitic rate of zooxanthellae (Barott et al. 2015). A study 
using fluorescent pH dye found that the photosynthetic activity of zooxanthellae can increase 
the host cells resilience to cellular acidosis from high CO2/low pH treatment of surrounding 
seawater (Gibbin et al. 2014). Photosynthetic activity of zooxanthellae is also a major factor 
of pH change in coral, causing pH to increase under light excitation (Kühl et al. 1995). 
Zooxanthellae photosynthetic activity is dependent on both intensity and wavelength of 
illumination. Photosynthesis plateaus at 400-600 μmol m-2s-1, and is most efficient under blue 
and red illumination (Kühl et al. 1995) (Figure 1.5). Using oxygen and pH microsensors on 
Acropora sp. and Favia sp. it was found that from light excitation to dark conditions, tissue 
pH changed from ~8.5 to ~7.3 within 10 minutes (Kuhl et al. 1995). This increase in pH 
causes coral cell alkalization, and is due to the reaction occurring through zooxanthellae 
photosynthesis: HCO3- + H2O Æ CH2O + O2 + OH-. The OH- produced by photosynthesis 
also inhibits the process creating a negative feedback loop. However, this feedback loop is 
avoided as the OH- is balanced by H+ which is pumped into coelentric fluid from the 
calcifying fluid by Ca2+ATPase (Nakamura et al. 2013). 
 
 As photosynthesis and calcification both utilize CO2 from respiration and DIC, calcification 
is heavily affected by photosynthesis (Allemand et al. 1998; Fura et al. 2000). Due to this, 
light excitation can also increase aragonite (CaCO3) precipitation rates in hermatypic corals 
(Falkowski et al. 1990; Marubini et al. 2001), hence the majority of calcification occurs 
during the daytime (Pearse and Muscatine 1971; Nakamura and Nakamori 2009). 
Ca2+ATPase exchanges Ca2+ ions from the coelentric fluid for H+ from the calicoblastic 
epithelium (stoichiometry 1Ca2+:2H+). This exchange increases the efficiency of both 
photosynthesis and calcification. Ca2+ATPase is dependent on ATP generated from 
respiration, which is dependent on photosynthesis-produced dissolved oxygen (DO) levels. 
Light respiration rate is 6-12 times higher than dark respiration rate and 80-90% of the gross 
photosynthetic rate (Kühl et al. 1995; Al-Horani et al. 2003). This is likely due to DO 
concentrations in light conditions reaching super-saturation rates, however in dark conditions 
DO levels are almost exhausted (Kühl et al. 1995; Agostini et al. 2012). Therefore, the 
increase in calcification rate in light conditions arises from the light dependence of 
Ca2+ATPase (Nakamura et al. 2013). 
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Figure 1.5: Action spectra of photosynthetic activity in zooxanthellae (Kühl et al. 1995). 
 
The existence of another proton pumping mechanism has been confirmed due to the large 
changes in pH from the calicoblastic epithelium to the gastric cavity. To achieve rapid rates 
of calcification, the aragonite saturation rate must be raised within the calicoblastic 
epithelium via the use of a proton efflux pump (Figure 1.6). Through microelectrode profiling 
of coral polyps, it is found that under light conditions, pH of the calcifying fluid (pHcf) 
increases to 8.65-9.65, depending on the species (Cai et al. 2016). This high pH of the 
calcifying fluid resulted in higher levels of of CO32-, but the overall DIC concentration was 
similar to that of seawater, which requires less energy to maintain than a scenario with high 
levels of DIC as less H+ pumping is required. It was concluded that low DIC was 
advantageous under OA conditions as less proton pumping is required to raise pH of 
calcifying fluid (Cai et al. 2016), however it should be noted that a low DIC scenario has half 
the buffering capacity of a high DIC scenario, therefore it may be more susceptible to 
changes driven by OA. A recent study of large corals Porites growing in a natural seawater 
pH gradient has found that calcifying fluid pH was resilient to the decreases in pH similar to 
those projected throughout this century. The Porites could keep maintain pHcf of 8.24 at pH 
of 8.1 (control), and at seawater of pH 7.6, pHcf was slightly reduced to 8.1 (Wall et al. 
2016). This paper highlighted that long-term acclimation to OA and maintenance of pHcf is 
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possible however further studies need to be done on more sensitive corals, which may not be 
able to regulate pHcf as effectively. 
 
 
Figure 1.6: Illustrative model of movement of CO2 and ions as well as pH change from bulk 
seawater through to the calicoblastic epithelium driven by processes such as photosynthesis 
(P) and respiration (R) (Cai et al. 2016).  
 
Under the Intergovernmental Panel on Climate Change (IPCC) ‘business as usual’ scenario 
(IS92a) OA is expected to lower the pH by a further 0.3-0.4 units (IPCC 2007), also lowering 
the concentration of CO32- ions, whilst increasing DIC concentration. As corals can generally 
regulate the pH in the calicoblastic epithelium with Ca2+-ATPase, the negative effects 
observed by OA are most likely due to a reduction in the availability of CO32-, needed to 
build CaCO3 (Cohen and Holcomb 2009). Corals could account for the reduction in 
saturation rate by pumping more protons out of the calcifying fluid, however this would 
require extra energy with the use of known proton pump Ca2+-ATPase (Salvador et al. 1998). 
Interestingly, if GFP-type proteins were indeed light activated proton pumps, they would do 
so without the use of ATP – allowing coral to increase saturation rate to desired levels under 
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light excitation (also when calcification occurs), significantly increasing coral resilience to 
OA. 
 
Table 1.1: Published pH values of corals. 
Compartment Species pH Reference 
Symbiosome Stylophora pistillata 4.00 Barott et al. (2015) 
 
Calicoblastic 
epithelium 
Orbicella faveolata 8.90-9.70  
Cai et al. (2016) Turbinaria reniformis 8.80-9.30 
Acropora millepora 8.15-8.65 
Porites 8.24 Wall et al. (2016) 
Host cell 
(symbiont-free) 
Stylophoria pistillata 6.90-7.10 Laurent et al. (2013) 
Pocillopora Damicornis 7.30 Gibbin et al. (2014) 
 
Further complicating the impact of OA is the build-up of a diffuse boundary layer (DBL) 
surrounding corals, which has an altered chemical composition than the bulk seawater to 
control solute transport via diffusion (Boudreau and Jørgensen 2001). The DBL acts as a 
buffer between the bulk seawater and the coral tissue, indicating that coral tissue will not be 
directly exposed to the projected lower pH from OA. Microsensor measurements of the DBL 
have shown lower pH in darkness, and higher pH in light conditions of the coral tissue in 
comparison to the bulk seawater (de Beer et al. 2000). DBL is a function of hydrodynamic 
conditions such as flow velocity and surface roughness, with lower flows resulting in thicker 
DBL and therefore more buffering from OA (Chan et al. 2016). Due to the compounding 
effect flow rate has on OA impacts, these impacts will be species specific (Chan et al. 2016). 
 
These multiple findings have been well explained through the two-compartment proton flux 
model by Jokiel (2011b). This model states that the observed decrease in calcification rates 
are a product of higher H+ in the seawater as well as a decrease in the efflux of H+ through 
the DBL. Calcification occurs through the equation: HCO3- + Ca2+ Æ CaCO3 + H+. As H+ is a 
product of the reaction, calcification rate is dependent on the efflux of H+ from the corallum 
into the water column (Jokiel 2011a). This efflux of H+ is dependent on the diffusion gradient 
between the coral and the surrounding seawater, which under OA this gradient becomes 
weaker, and efflux of H+ and subsequently calcification rate is reduced. This was expanded 
further in a subsequent paper to detail flux patterns within the coral, and stated that there 
were zones of rapid photosynthesis (ZP) and zones of rapid calcification (ZC) (Jokiel 2011b). 
This model finds ZC is above ZP and in contact with external seawater, which both 
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maximises recycling of O2 and HCO3- as well as shielding zooxanthellae in ZP from UV 
radiation. 
 
The vast majority of studies involving pH conditions in corals have focused primarily on 
zooxanthellae photosynthesis or calcification. This study examines FPs within ectodermal 
cells. Because of this, pH ranges may be significantly different from those presented in 
previous studies.  
 
1.6  Applications of GFP-type Proteins  
 
GFPs are extensively used in bioimaging applications. As mentioned previously, the majority 
of GFP-type corals derived from corals form tetramers, which can form aggregates that can 
disrupt normal cell function if transfected into mammalian cells (Matz et al. 1999).  Since 
2002, FPs have been developed to create monomeric fluorescent probes which enable 
dynamic imaging in biological systems (Heim and Tsien 1996; Bevis and Glick 2002; Shaner 
et al. 2004). The diverse range of FPs with different excitation and emission spectra allows 
for use of multiple FPs and therefore imaging of multiple aspects of the cell simultaneously 
(Chudakov et al. 2010).  
 
Light activated proton pumps are currently being used in the field of optogenetics, research 
methodology that allows the manipulation of cell function through optical and genetic 
methods (Deisseroth 2011). Proteins known as opsins, present in bacteria and algae are light 
activated ion channels. These proteins are transfected into neurons, giving the ability to 
inhibit or excite neuronal function through light excitation of the opsin. This technique has 
high spatiotemporal resolution, triggering responses from specific neurons on a millisecond 
timescale (Boyden et al. 2005). This ability to manipulate neuronal function gives new 
insight into the mechanisms of disease and behaviour; however there are still significant 
limitations. There is a need to expand the ‘optogenetic toolkit’ – to develop more opsins with 
different excitation spectra to enable simultaneous control of different neurons independently 
of each other (Deisseroth 2011). Opsins are also difficult to transfect properly into neurons, 
and once expressed there are issues of cell toxicity (Deisseroth 2015). To track the expression 
of opsins, they must also be fused to a FP, to allow visualization. The use of opsins is limited 
to neurons only, as they cannot be expressed in other types of cells, and do not offer sub-
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cellular control (Deisseroth 2011). Currently, one of the opsins used is known as 
bacteriorhodopsin – which is also a light activated proton pump. Once excited by light, it 
hyperpolarizes the membrane of the neuron inhibiting it, inhibiting the initiation of the action 
potentials (Deisseroth 2015). 
 
If GFP-type proteins were confirmed to be light activated proton pumps, they could 
potentially be developed into much stronger candidates for use in optogenetics than the 
currently used opsins. As GFP-type proteins are already widely used in many areas of cell 
imaging, they could avoid many of the limitations involved with using opsins. Unlike opsins, 
GFP-type proteins are encoded by a single gene sequence and are easily transfected into any 
cell and their expression does not result in any cell toxicity (Miyawaki 2002). The rigid barrel 
structure protects the proton wires and therefore potential proton pumping, resulting in 
greater stability than the opsins currently used (Leiderman et al. 2006). They naturally 
fluoresce so can be tracked within the cell, and can be expressed into specific organelles 
allowing sub-cellular control. The huge range of GFP-type proteins with individual excitation 
peaks would greatly increase the optogenetic toolkit. Overall, GFP-type proteins would be 
ideal for development and use in optogenetics for both neuronal and non-neuronal cells. 
 
1.7  Theory of the Research Methods 
 
This research used both microelectrodes and pH sensitive fluorescent dye to observe pH and 
pH flux at both the whole coral and cell level. The non-invasive method microelectrode ion 
flux estimation (MIFE) (Shabala et al. 1997; Chen et al. 2008; Newman et al. 2012; Shabala 
et al. 2013) was used to measure measurement of proton flux and pH outside of Favia pallida 
in response to light excitation.  
 
MIFE relies on the theory that ions move from high electrochemical potential to low, down a 
gradient. To determine the electrochemical potential gradient, pH is measured at two set 
points (40 μm and 120 μm) from the sample using microelectrodes. Microelectrodes contain 
a liquid ion exchanger (LIX) which allows only the ion of interest (H+) to be measured by the 
microelectrode. Microelectrodes are calibrated against three buffers of known pH. Through 
this method, concentration (pH) and net ion movement (H+ flux) can be determined 
(Newman 2001) (Figure 1.7).  
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Figure 1.7: Microelectrode Ion Flux Estimation (MIFE) theory: a microelectrode is moved 
from 40 to 120 μm. The electrometer measures voltage at both points. Using the calibration 
beforehand, the difference in voltage is proportional to change in ion concentration. Over 
time this shows trends in ion movement (Newman 2012). 
 
Also, live cell imaging coupled with ratiometric dye carboxyseminaphthorhodafluor-1 
Acetoxymethyl Ester (SNARF-1 AM) allowed for pHi measurement of symbiont-free host 
cells of fluorescent and non-fluorescent colour morphs of the stony coral Euphyllia 
glabrescens. Ratiometric imaging observes wavelength changes of a fluorescent dye in 
response to changes in ion concentration. SNARF-1 AM is dual emission – with peaks at 580 
nm and 640 nm. The intensity of these peaks is reliant on pH (Figure 1.8). By creating a ratio 
(R) of the fluorescent intensity of the peaks (585 fluorescence/640 fluorescence) SNARF-1 
AM can be used as a pH indicator (Figure 1.9). Furthermore, by determining R of cells at a 
known pH, SNARF-1 AM can be calibrated to quantitatively determine pH. 
 
3!
!
Figure,4.!Proton!flux!principle,!with!µ!the!ionic!potential!related!to!electric!charge!V.!
!
Figure,5.!CHART!interface!during!an!experiment.!
!
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Figure 1.8: Emission spectra of SNARF-1 AM under varying pH. 
 
 
 
 
Figure 1.9: An example of ratiometric imaging. In this scenario, SNARF-1 AM gives two 
excitation peaks, the 585 nm peak is collected in the first channel (left), which is divided by 
the 640nm peak in the second channel (middle) to give a ratiometric image. As the peaks of 
SNARF-1 AM vary in response to pH, the ratiometric image produced (right) by this method 
can be used to determine pHi. 
 
Previously used to quantify pHi of corals (Venn et al. 2009; Venn et al. 2011; Venn et al. 
2013), SNARF-1 AM is suitable for measuring pH around 7-8, and for its ratiometric 
properties, allowing it to negate the impact of parameters such as photobleaching, dye 
leakage and dye concentration, making it particularly suited to long experiment times (Han 
and Burgess, 2009). SNARF-1 AM was also chosen as it is a neutrally charged AM ester, 
allowing it to diffuse easily into cells and then be hydrolysed – releasing the free, charged 
SNARF-1 dye which increases its cellular retention (Han and Burgess 2009). Through 
= y 
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confocal imaging of E. glabrescens cells loaded with SNARF-1 AM, pH changes in response 
to light excitation were visualized.  
 
1.8 Scope of investigation  
 
Aim: To determine whether the presence of GFP-type proteins affects the proton dynamics of 
corals (E. glabrescens and F. pallida) in response to light at the cellular and tissue levels.  
 
Objectives: 
- To determine whether there is a difference in proton flux in response to illumination 
between high fluorescent and low fluorescent areas at the tissue level of F. pallida. 
- To determine whether there is a difference in pH response to illumination between 
fluorescent and non-fluorescent host ectodermal cells of E. glabrescens. 
- To determine whether wavelength of illumination influences proton flux at both the 
tissue and cellular level. 
 
Hypothesis: If GFP-type proteins do function as light activated proton pumps: 
- At the whole coral level, there will be larger changes in proton flux in response to 
light in highly-fluorescent areas than low-fluorescent areas. 
- At the cellular level, there will be larger changes in pH in response to illumination in 
fluorescent cells than in non-fluorescent cells, however this response may be smaller 
than changes at the tissue level due to the stringent regulation of pHi. 
- In fluorescent samples, proton flux and changes in pH will be larger in response to 
wavelengths that specifically excite GFP-type proteins (blue light). 
 
Null hypothesis: There is no difference in pH or proton flux under illumination between 
fluorescent and non-fluorescent samples at both the whole coral and cellular level. 
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2. Materials and Methods 
2.1 Coral Sampling and Maintenance 
 
Euphyllia glabrescens was selected for bioimaging studies as it has a highly fluorescent green 
morph with emission spectra that did not overlap with the SNARF-1 AM dye. The two 
morphs of E. glabrescens were a fluorescent green morph and a non-fluorescent morph. 
Favia pallida is a sub-massive coral and was selected as its polyps displayed a mottled 
pattern of pigmentation, expressing both highly fluorescent and low fluorescent areas on a 
single corallite. Comparison of fluorescence and non-fluorescence on the same polyp 
minimises variables inherent in comparing different coral samples.   
 
E. glabrescens was purchased at an aquarium store (Penrith, NSW) and F. pallida was 
collected at 15 m depth from a reef near Cairns (QLD). Corals were maintained in a coral 
culture facility at Western Sydney University, Hawkesbury campus. E. glabrescens morphs 
were kept under free-flowing water, with controlled salinity of 35 ppt, temperature 23-25°C, 
pH of 8.1 ± 0.1, and natural sunlight (up to 1000 μmol m-2 s-1). F. pallida were kept under the 
same conditions but since they were collected from deeper water they were shade adapted, so 
remained in shaded areas receiving up to 30 μmol m-2 s-1 of sunlight. 
 
2.2  Wide-field Light and Fluorescence Microscopy 
 
Wide-field and fluorescence microscopy images were taken to properly characterise 
fluorescent and non-fluorescent samples. E. glabrescens and F. pallida were imaged using 
the Z16 APO Microscope (Leica). Samples were illuminated with either blue fluorescence 
(I3: 450-490 nm) from a mercury lamp (ebq100) or by white light from fibre optic 
illuminator (Intralux 5000, Volpi). Wide-field and fluorescent images were collected using 
camera attachment DFC550 (Leica). 
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2.3 Confocal Microscopy and Microspectroscopy 
2.3.1 Spectral analysis of E. glabrescens and F. pallida 
 
For E. glabrescens, a tentacle was excised and the tip was also removed, leaving a ring of 
tissue that was placed on a glass bottom dish (MatTek) and submerged in filtered seawater 
(FSW). 
 
A spectral analysis of E. glabrescens and F. pallida was conducted to determine the emission 
peaks of GFP-type proteins present. To prepare F. pallida for imaging, a polyp was 
positioned on a 35 mm glass bottom dish (MatTek) and submerged in FSW for confocal 
imaging. Samples were confocally imaged with a SP5 confocal microscope (Leica, Wetzlar, 
Germany). Spectral analysis of samples was conducted using xyλ acquisition mode at 400 
Hz, 512x512 format with pinhole at 1 airy unit. Samples were imaged with a 20x water 
immersion objective and excited with either 20% 405, 488, 514 or 561 nm laser to excite 
potential fluorescence. Spectral analysis began 10 nm from excitation wavelength with a 10 
nm bandwidth and 5 nm step-size. 
 
2.3.2 Tissue imaging of E. glabrescens  
 
Tentacles of E. glabrescens were excised, and the tip cut off to remove the high concentration 
of acidic nematocysts leaving a ring of tissue. Preliminary pH testing of E. glabrescens tissue 
was conducted with the fluorescent dye pHrodo AM (Thermofisher Scientific, 
Massachusetts, US). This tissue was loaded with 0.5 μL of pHrodo AM stock solution with 
999.5 μL of FSW to give a final working concentration of 5 μM. The dye was loaded for 30 
minutes (min), and the tissue was then washed 4 times with 2 mL of FSW. To minimise 
movement of the tissue during confocal imaging, the tissue was set in low melting point 
agarose (Sigma-Aldrich) at a concentration of 5% in FSW (Agarose had a congealing 
temperature of 26-30°C). Samples were positioned on 35 mm glass bottom dishes for 
imaging (MatTek, P35G-1.5-14-C). 
 
Preliminary bioimaging of pH in E. glabrescens tissue was conducted with the fluorescent 
dye pHrodo AM, and imaged with a SP5 confocal microscope (Leica, Wetzlar, Germany). 
pHrodo AM increases in fluorescence intensity with decreases in pH, and was imaged with a 
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10x water immersion objective. E. glabrescens autofluorescence was excited with 1% 488 
nm, and pHrodo AM was excited with 10% 561 nm, with channels at 495-525 nm and 570-
600 nm for autofluorescence and pHrodo AM respectively. 
 
2.3.3 SNARF-1 AM dye loading 
 
Tentacles of E. glabrescens were excised from the polyp, and the tip of the tentacle also 
excised, leaving a ring of tissue. This ring was then macerated and quickly washed with FSW 
and filtered through a 50 μm mesh to reduce clumps of tissue to single cells. The suspended 
cells were then centrifuged at a 2000 G (Tomy hf-120, Fukushima, Japan) for 2 min. The 
supernatant was decanted and replaced with FSW, which the cells were re-suspended in 
again. The cells were again centrifuged for 2 min. The remaining pellet was then loaded with 
the cell permanent SNARF-1 acetoxymethyl ester acetate (SNARF-1 AM). Solutions of 10 
mM stock in anhydrous DMSO were prepared as single use aliquots. 0.5 μL of stock solution 
was diluted in 499.5 μL of FSW for a final working solution of 20 μM SNARF-1 AM and 
0.2% DMSO. The pellet was re-suspended in this working solution for dye loading for 1 hour 
dark incubation at temperatures 21-23°C. Dye concentration and duration of loading time are 
longer than that presented by Venn et al (2009) due to a stronger signal required for highly 
autofluorescent E. glabrescens morphs. After dye loading, cells were washed by first being 
centrifuged for 2 min and supernatant decanted and replaced with 2 mL of FSW with cells re-
suspended. This was repeated 3 times. The resulting cells were again re-suspended in FSW 
were placed in a sealed concave slide for confocal imaging. 
 
2.3.4 Cell imaging and pHi measurement of E. glabrescens 
 
Cells loaded with SNARF-1 AM were confocally imaged with a SP5 confocal microscope 
(Leica, Wetzlar, Germany) with a 100x oil immersion objective. Ectodermal cells were 
imaged with 561 nm laser at 10% to excite the SNARF-1 AM dye and periodically with 488 
nm at 1% to excite GFP-type proteins present. 561 nm laser sufficiently excites SNARF-1 
AM (Figure 2.1) without exciting the autofluorescence of E. glabrescens. Images were taken 
using a 100x oil immersion objective with 400 Hz scan speed, pinhole at 1 airy and 10x 
digital zoom. 4 channels were used for measuring green autofluorescence (495-525 nm), dual 
excitation of SNARF-1 AM (575-595 nm, 630-650 nm) and to confirm the absence of 
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zooxanthellae (660-700 nm). Due to the bleed-through of highly fluorescent GFPs, sequential 
line scanning was conducted, which allowed separation of excitation of GFPs and any 
zooxanthellae (488 nm laser, channel 1 and 4) from excitation and emission of SNARF-1 AM 
dye (561 nm laser, channel 2 and 3). Although SNARF-1 AM has been used previously to 
measure pHi in coral cells (Venn et al. 2009, 2011, 2013, Laurent et al. 2013), this protocol 
has not been used on corals possessing autofluorescence from GFP-type proteins. The use of 
sequential imaging in this protocol is novel and allows for independent excitation and 
imaging of fluorescence and pHi without cross-interference.  
 
 
Figure 2.1: Relative intensity of Excitation (dotted) and emission (solid) spectra of SNARF-
1 AM at pH of 6 (yellow) and 9 (red) at 561nm excitation (green). Source: Thermofisher 
scientific. 
 
2.3.5 Cell viability 
 
Cell viability of E. glabrescens was tested using the LIVE/DEAD sperm viability kit 
(Thermofisher, Massachusetts, US) which can be used for eukaryotic cells. Cells underwent 
the same dye loading protocol for SNARF-1 AM loading protocol (macerating, centrifuging 
and washing etc.) however instead of SNARF-1 AM dye the suspended cells were loaded 
with 100 nM of SYBR 14 dye for 10 min. Following this, propodium iodide was also added 
at a final working concentration of 12 μM for 10 min. SYBR 14 stains viable cells bright 
green (emission 519 nm) whereas propodium iodide stains apoptotic cells orange (emission 
620 nm). After staining, cells were imaged with a SP5 confocal microscope (Leica, Wetzlar, 
Germany) and a 100x oil immersion objective. Percentage of viable cells were calculated at 0 
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min and 60 min from dye loading, and cell morphology of viable and apoptotic cells was also 
imaged, allowing for subsequent identification of viable cells for measurement.   
 
2.3.6 Calibration of ratiometric imaging of SNARF-1 AM  
 
Intracellular pH (pHi) of ectodermal cells was determined through ratiometric analysis of 
SNARF-1 AM (Figure 2.2). SNARF-1 AM can act as pH indicator, however to quantitatively 
measure pHi, in vivo calibration of the dye in the sample of interest is necessary. This was 
achieved through suspending E. glabescens cells in pH buffers with 30 μM nigericin which 
causes external and internal pH to equilibrate. The pH of calibration buffers ranged from 6-
8.5 and contained approximate cytosolic concentrations of major ions in cnidarian cells (190 
mM Cl, 200 mM K, 60 mM Na). These concentrations were achieved though the addition of 
60 mM NaCl, 130 mM KCl and 70 mM K+Gluconate (all Sigma-Aldrich). Buffers used were 
PIPES (6-7.5) and Tricine (8-8.5) (both Sigma-Aldrich) at a concentration of 25 mM each. 
Mannitol (Sigma-Aldrich) was used to adjust the osmolarity to 1100 mmol/kg. Images are 
taken with 0.5 μm slices through the sample, which are then compiled to create a z-stack. A 
slice in the middle of the cell (approximately 4 μm from the surface) is selected for sample 
intensity of calibration to be taken. Areas of the cytosol are selected through drawing 
multiple regions of interest (ROIs), and the image is corrected for background and the ratio 
(585 nm/640 nm) (R) was calculated using the ‘calcium imaging’ calculator in the LAS AF 
software (figure 2.2). The average of the ROIs was taken. SNARF-1 AM was calibrated in 
both fluorescent and non-fluorescent colour morphs of E. glabrescens. 
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Figure 2.2: Example of ratio measurement of E. glabrescens fluorescent morph using LAS 
AF software. (a) Autofluorescence 495-525 nm, (b) and (c) SNARF-1 AM channels 575-595 
nm and 630-650 nm respectively, (d) 660-700 nm zooxanthellae presence (e) overlay channel 
(f) ratio channel from calcium imaging calculator (b)/(c). ROIs are drawn to determine the 
ratio of 585/640 for pH measurement in the cytosol of the cell. 
 
 
After measurements of the 6 calibration points are taken, R is then related to pH through the 
equation:  
 
pH = pKa – LOG((R-RB/RA-R)   FB(O2)/FA(O2))   (Grynkiewicz et al. 1985) 
 
where F is fluorescence intensity (arbitrary units) A and B are the endpoints of the calibration 
(6 and 8.5, respectively) and O1 and O2 are the two channels of SNARF-1 AM (585 and 640, 
respectively). In this form, the pKa is equal to the y-intercept, which can allow for the 
calculation of pH.  
 
 
 
f e d 
c b a 
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2.3.7 Light induced pH response of E. glabrescens 
 
To test whether there was a photoinduced pH difference between fluorescent and non-
fluorescent morphs at the cellular level, E. glabrescens cells were suspended in 1 mL of FSW 
in a microtubule and then excited with a fluorescent lamp (ABET Technologies, Connecticut, 
US) at either 480 ± 10 nm (GFP-type protein excitation) or 593 ± 20 nm (control 
wavelength), at either 100 μmol m-2 s-1 or 200 μmol m-2 s-1 over a period of 60 min (Figure 
2.3). Sample illumination before measurement was minimised through focusing cells using 
white illumination at ‘intensity 1’. pHi of cells was measured before excitation (0 min) and 
sub-samples were extracted from the microtubule for pHi measurement and during excitation 
(30 min and 60 min) and pHi was quickly measured. Also, before excitation a sub-sample 
was extracted and placed in a secondary microtubule as a dark control (no illumination) and 
measured at 60 min to ensure changes in pHi were not due to time. Microtubules were 
agitated every 5 min to ensure cells were suspended in solution. Ratiometric images of cells 
were created in ImageJ (Appendix 1). 
 
 
Figure 2.3: Microtubules with E. glabrescens loaded with SNARF-1 AM under blue light 
illumination. 
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2.3.8 Zooxanthellae biomass 
  
As photosynthesis can largely affect tissue pH (Kühl et al. 1995), zooxanthellae counts were 
conducted in high fluorescent and low fluorescent areas of F. pallida. This was done to 
ensure that any proton flux measured at the tissue level was not a result of different levels of 
photosynthesis in these two areas. As the majority of measurements of E. glarescens were 
performed at the cellular level in the absence of zooxanthellae, no zooxanthellae 
quantification was needed in E. glabrescens. 
 
Excised tissue pieces of F. pallida were mounted on glass-bottom dishes (MatTek, P35G-1.5-
14-C) and submerged in FSW. Images were collected using the SP5 confocal microscope 
(Leica, Wetzlar, Germany). Samples were imaged using a 10x water immersion objective 
with 3x zoom and excited with a 488 nm laser at 1%. Two channels were used, one for 
fluorochromatophores (505-525 nm) to determine whether an area was high or low 
fluorescence, and one for zooxanthellae (670-700 nm). A Z-stack of images was compiled by 
taking images every 3 μm from the surface to 200 μm deep.  
 
Z-stacks were then imported into Imaris x64 (Bitplane 6.3.1) for analysis. A 3D projection of 
the Z-stack was created and zooxanthellae counts were conducted using the ‘spots creation’ 
protocol (protocol included in Appendix 2), which put a made a count of every signal with a 
diameter greater than 10 μm. Parameters for spot creation were kept consistent. 
Zooxanthellae counts of high fluorescent and low fluorescent areas were compared. 
 
2.4 Microelectrode Ion Flux Estimation (MIFE) Measurements 
2.4.1 Ion flux measurement 
 
The aim of this investigation was to determine whether GFP-type proteins have an impact on 
the proton movement in and out of coral at a tissue level. The microelectrode ion flux 
estimation (MIFE) method has been outlined in Shalaba et al. (1997), however has not 
previously been used to measure ion flux in corals. Borosilicate glass capillaries (GC150-10, 
Harvard Apparatus, Kent, UK) were pulled, baked for 5 hours and salinized with 
chlorotributylsilane before use (method in Appendix 3) for use as ion-selective 
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microelectrodes. The microelectrodes were filled with backfilling solution (in mM) 15 NaCl 
+ 40 KH2PO4 and 500 CaCl2 for H+ and Ca2+ respectively. Liquid Ion Exchange (LIX) 
solution was added to the tip of each microelectrode through capillary action (H+, 95297 and 
Ca2+, 99310 Fluka, Sigma, Switzerland). The LIX acts as an ion selective barrier, allowing 
only the ion of interest to be measured by the microelectrode. The microelectrodes were then 
attached to a three-axis micromanipulator on the MIFE unit (Figure 2.4). The resistance of 
the microelectrodes was measured using a reference electrode, which was the same capillary 
glass (GC150-10) containing with 3 M KCl with 2% Agar, as well as a bleached silver wire 
(AgCl coated) for optimal conductivity. The resistance of the microelectrodes used was 0.5-5 
G Ω.  
 
Before measurement, microelectrodes were calibrated in three buffer solutions (per ion 
measured) of known concentrations (pH 7, 8 and 9, and Ca2+ 50 μM, 200 μM and 1000 μM). 
The pH calibration buffers were made from different concentrations of Na2HPO4 and 
NaH2PO4 and adjusted with HCl and NaOH, and were measured before calibration with a pH 
probe (Hanna HI 5521). Calcium buffers were made from CaCl2.  This calibration allows 
voltage measured by the MIFE, to be converted to ion concentration. Microelectrodes used 
for measurements all had a calibration with a r2 value greater than 0.999.   
 
F. pallida samples were placed inside perspex chambers (9.75 cm length, 3.3 cm height, 2.4 
cm width) filled with FSW (Figure 2.6). The sample was then positioned in focus using a 
three-axis micromanipulator on the MIFE system and views under 100× magnification. Using 
another three-axis micromanipulator (mentioned earlier), as well as a wide-field microscope, 
the microelectrodes were then focused and aligned within 5 μm of each other, and 40 μm 
above the corallite, the ridge of the polyp away from the mouth. During the measurement, the 
position of the microelectrodes alternates between 40 μm and 120 μm at a rate of 0.1 Hz, 
achieved through fitting the three-axis micromanipulator of the sample to a three-way 
hydraulic micromanipulator (WR-88, Narishige, Tokyo, Japan) driven by a computer 
controlled stepper motor (M061-CE08, Superior Electric, Bristol, CT). Voltage is measured 
at each distance, with the difference used to calculate ion flux (Figure 1.7) (Newman 2012). 
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Figure 2.4: A Microelectrode Ion Flux Estimation (MIFE) unit.  
 
 
The data acquisition software is referred to as CHART, which shows a line graph mapping 
the change in voltage over time (Figure 2.5) Average voltage and ΔV, as well as calibration 
data were exported to a second program known as MIFEFLUX, which analyses the voltage 
information, to produce proton flux and pH data. 
 
 
5!
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Figure 2.5: MIFE CHART interface showing change in mV (Y axis) over time (X axis), 
which is later converted into proton flux.  
 
2.4.2 E. glabrescens sample preparation for MIFE  
 
Tentacles of E. glabrescens were excised, as well as the tip being removed leaving a ring of 
tissue. This ring was then skewered on a microelectrode, and placed in a smaller Perspex 
chamber (dimensions 9.75 cm length, 3.3 cm height, 1 cm width) (Figure 2.6). A borosilicate 
glass capillary was positioned above the ring of tissue as a stopper to minimize movement 
(Figure 2.6). 
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Figure 2.6: E. glabrescens ring of tissue skewered on a microelectrode in a chamber (top 
left) and during MIFE measurement (top right). (Bottom) F. pallida in a Perspex chamber for 
MIFE measurements. 
 
2.4.3 Proton flux response to different light spectra  
 
Light experiments involved exposing the sample to either white light (400-700 μm) at 400 
μmol m-2 s-1 or wavebands of light 380 ± 10 nm (FB 380-10, Thor Labs, New Jersey US) 480 
± 10 nm (FB 480-10, Thor Labs, New Jersey US), 527 ± 20 nm (84-098, Edmund Optics, 
New Jersey, US) and 593 ± 20 nm (FF01-593/40-25, Semrock, New York, US) at around 78 
± 15 μmol m-2 s-1 (Figure 2.8). Protocol for measurement of light intensity is included in 
Appendix 4. Before measurements, samples were left in the dark for at least 15 min to 
become dark adapted. MIFE measurements began with no light illuminating of the sample. 
Two patterns of light illumination were used. Firstly, after 10 min of no illumination, the 
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sample was then exposed to light for 10 min, and then this light on/light off sequence was 
repeated (40 min total) (Figure 2.7). The second pattern involved again no light illumination 
for 10 min, and then light illumination for 30 min (40 min total).  
 
 
Figure 2.7: Front (left) and side (right) view of MIFE unit with 480 ± 10nm illumination 
from fibre optic positioned above F. pallida. 
 
 
 
Figure 2.8: MIFE measurement of a high fluorescent area of F. pallida under 480 ± 10 nm 
(left), 527 ± 20 nm (middle) and 593 ± 20 nm (right). 
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2.5 Statistical Analysis 
 
Statistical analysis of cellular pH of E. glabrescens was conducted by a two-way ANOVA 
comparing morphs (fluorescent and non-fluorescent) and wavelength illumination (blue, red 
and dark control). This data was taken over three time points which are not independent of 
each other so a Type III test was used for each replicate. 
 
Statistical analysis of MIFE data was achieved by sectioning the data into three phases: No 
excitation phase (0-10 min), transient phase (10-20 min) and steady state phase (30-40 min). 
The average proton flux and pH change of each phase was taken for each replicate. As this 
investigation aims to identify the potential differences in proton flux and pH change in 
response to light, the ‘no illumination’ phases were-not included in ANOVA testing. A two-
way ANOVA (Type III test) was used to determine whether there was a significant difference 
between high fluorescent and low fluorescent areas. The statistical language R was used for 
all ANOVA tests. 
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3. Results 
3.1 Characterization of Fluorescence of E. glabrescens and F. pallida 
3.1.1 Wide-field imaging 
 
Characterisation of E. glabrescens fluorescence using wide-field imaging found distinct 
differences in GFP-type protein pigmentation of different morphs. The green morph under 
white light (Figure 3.1a) displayed bright green fluorescence under blue illumination (Figure 
3.1b). Fluorescence was consistent throughout the tentacle, and was present in long columnar 
ectodermal cells. The beige morph under white light showed minimal fluorescence to blue 
illumination (Figure 3.1(c) and (d) respectively). These two morphs were termed fluorescent 
(F) and non-fluorescent (NF) respectively. The tips of the tentacle in both F and NF morphs 
showed potentially different fluorescent properties, however these were excised before any 
pHi measurements. 
 
Wide-field images of F. pallida found patched pigmentation with distinctly different 
concentrations of fluorescent spots on the same polyp (Figure 3.2(a) and (b)). The spots of 
fluorescence are highly dense areas of ectodermal cells containing fluorescent pigment 
granules (FPG) referred to as tissue, with larger and higher concentration of 
fluorochromatophores in HF areas, although LF still had some, smaller fluorescent 
fluorochromatophores (Figure 3.2(c) and (d)). 
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Figure 3.1: Wide-field images of E. glabrescens. White light and fluorescence microscopy of 
the fluorescent morph(a) and (c) respectively, and non-fluorescent morph (b) and (d). 
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Figure 3.2: Wide-field images with both white light (a) and fluorescent microscopy (b) of F. 
pallida polyp. (c) High fluorescent (HF) and (d) low fluorescent (LF) areas of F. pallida.  
 
3.1.2 Emission peak of E. glabrescens and F. pallida 
 
Spectral analysis of the F morph of E. glabrescens (Figure 3.3) found one emission peak at 
503nm, which was most excited with the 488 nm. This peak also had a shoulder of 
fluorescence from 530-540 nm, however the emission spectra is similar in shape to other 
known GFP-type proteins in this coral family (Alieva et al. 2008), indicating the presence of 
only one type of GFP-type protein. No GFP-type fluorescence was observed in the NF morph 
even with high excitation (>50% laser intensity), confirming the absence of GFP-type 
proteins. As F and NF are different morphs, there are inherent differences between them such 
as different coral colony, size of tentacles etc, which may result in different pH responses to 
illumination. However, the presence of only GFP-type protein, and fluorescence only in the F 
morph removes confounding factors of fluorescence (multiple GFP-type proteins, 
fluorescence in NF morph).  
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Likewise, spectral analysis of F. pallida found one emission peak at 515 nm – most excited at 
488 nm (Figure 3.4). This again indicated the presence of a singular GFP-type protein. This is 
different from E. glabrescens, as the ‘control’ (in this case LF) also has some fluorescence – 
meaning differences in responses to illumination are not attributable to the presence or 
absence of a GFP-type protein, but to high and low concentrations.  
 
No other excitation wavelengths (405 nm, 458 nm, 514 nm, 561 nm and 633 nm) yielded 
additional emission peaks in either coral, and therefore are not shown.  
 
Figure 3.3: Spectral analysis of fluorescent and non-fluorescent morphs of E. glabrescens, 
under 488 nm excitation. 
Wavelength (nm) 
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Figure 3.4: Spectral analysis of F. pallida, under 488 nm excitation. 
 
3.1.3 Zooxanthellae biomass in F. pallida 
 
Zooxanthellae counts were conducted to determine whether there were any differences in 
zooxanthellae concentration between HF and LF areas of F. pallida, as this would have a 
large effect on proton flux and pH change. Although HF and LF areas appear on the same 
polyp, this is a necessary measurement as it has been previously noted that GFP-type proteins 
are positively correlated with zooxanthellae biology (Smith et al. 2013). Confocal 
microscopy was used to collect Z-stacks of polyp tissue (stacks 200 μm thick) to analyse 
zooxanthellae numbers in three dimensional (3D) volumes.  These stacks were then imported 
into Imaris x 64 (Bitplane 6.3.1) which created 3D projections – allowing for visualisation 
and estimation of zooxanthellae populations (Figure 3.5). Figure 3.6 shows that there was no 
significant difference in zooxanthellae concentrations in HF or LF areas. The method has an 
inherently large error as zooxanthellae are too densely packed to properly distinguish 
individual cells. However, this method is still a good indication that zooxanthellae 
concentration was of similar size and therefore zooxanthellae were unlikely to be the cause of 
any observed differences in pH change and proton flux in response to illumination. 
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Figure 3.5: 3D projection generated by Imaris used for zooxanthellae counts in HF (a) and 
LF (b) areas of F. pallida. Dimensions: 516.67 μm x 516.67 μm x 200 μm. 
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Figure 3.6: Zooxanthellae count per 100 μm3 in HF and LF patches of F. pallida (n=4). One 
way ANOVA showed no significant difference between the two areas (P value = 0.7049). 
Bars are ± SE. 
 
3.2 Confocal Imaging of E. glabrescens 
3.2.1 pHi manipulation through NH4Cl addition 
 
To test whether SNARF-1 AM responded to changes in pH, NF E. glabrescens cells were 
exposed to 20 mM of NH4Cl in FSW. This method has been previously used by Venn et al. 
(2009) and resulted in an increase of pHi by ~0.4 pH units. In this investigation, after 
exposure to NH4Cl, cytosolic pHi of the cells increased by from pH 7.03 to pH 7.46 (Δ 0.43 
pH units) (Figure 3.7) – consistent with Venn et al. (2009) findings. 
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Figure 3.7: Response of SNARF-1 AM to pHi manipulation of NF E. glabrescens through 
addition of 20 mM NH4Cl to surround bulk solution. One-way ANOVA indicated significant 
differences between control and 20mM NH4Cl groups (P value = 2.164e-05). Bars are ± SE. 
 
3.2.2 Cell viability of E. glabrescens host cells 
 
 Cell viability tests indicated that most cells (94%) were viable after the dye loading process, 
and 88% were viable after 60 min if the sample was re-suspended in FSW through agitation 
of the microtubule every 5 min (3.8(c) and (d)). Furthermore, cell viability testing allowed for 
identification of viability based on morphology. Cells containing either no vesicles or 
excessive numbers of vesicles with no visible cytosol were likely to be apoptotic cells, 
whereas cells with both some compartmentalization (vesicles, vacuoles etc) and mostly areas 
of cytosol were viable (figure 3.8(a) and (b)). Viable cells were also identified as their larger 
size (~7 μm), as apoptotic cells were also smaller (~4 μm). Subsequent measurement of pHi 
sharing the same morphology and size as the identified apoptotic cells found that the cytosol 
of these cells had a lower pH <6.5, consistent with that of apoptosis (Meisenholder et al. 
2006). Due to this, measurements of cells with a cytosolic pH of <6.6 were discarded. 
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Figure 3.8: Cell viability testing of E. glabrescens NF morph – representative of a viable cell 
(a) and apoptotic cell (b). Percentage of cells viable at 0 min (c) and 60 min (d) after dye 
loading. Green fluorescence – SYBR 14, red fluorescence – propodium iodide. 
 
3.2.3 Method development 
 
Rings of tissue of E. glabrescens were loaded with pHrodo AM and stabilised in 5% low 
melting point agarose for confocal imaging (Figure 3.9). Samples were imaged over a course 
of 40 min with alternating excitation of 488 nm laser at 1% every 10 min 
(ONÆOFFÆONÆOFF). pHrodo was more intense in the endoderm and symbiosome of 
host cells which is consistent with the expected lower pH (Barott et al. 2015) (Figure 3.9). 
However, this preliminary tissue imaging of E. glabrescens using pHrodo AM was 
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unsuccessful in determining pHi in response to light excitation. Since pHrodo AM is not a 
ratiometric dye, it is susceptible to artefacts created by compartmentalization of the dye in the 
cell. As pHrodo increases intensity with decreases in pH, it could not be confirmed whether 
brighter areas of pHrodo AM fluorescence was due to lower pH, or simply higher dye 
concentration. It was therefore deemed not a suitable probe for this investigation. Not being a 
ratiometric dye, it is also susceptible to dye bleaching, leakage from sample, cell thickness, 
and minor differences in dye loading times between samples (Han and Burgess, 2009). There 
was some of bleed through from the autofluorescence of the F morph into the channel 
detecting pHrodo. It was decided that for accurate quantitative measurements of pHi over 
longer time frames (60 min), a ratiometric dye would be needed. Furthermore, even though 
the ring of tissue loaded with pHrodo and confocally imaged was fixed in 5% low melting 
point agarose with FSW, however this caused the sample to dehydrate within 60 min, 
disallowing longer timed excitation experiments. Also, even at relatively high concentrations 
of agarose, some movement occurred over the 40 min alternating 488nm excitation 
experiments (figure 3.9). To negate the dehydration of the tentacle and movement of the 
sample, subsequent experiments pH change in response to excitation was investigated at a 
cellular level.   
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Figure 3.9: (a, c, e, g) E. glabrescens fluorescent morph tissue ring with autofluorescence 
(green), zooxanthellae (blue) and pHrodo AM (red) which is also isolated to show changes in 
pH (e, d, f, h). Images were taken every 10 min for 40 min in response to excitation light of 
488nm at 1%. 
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SNARF-1 AM has previously been used to quantify pHi in cnidarian cells (Venn et al. 2009; 
2011; 2013; Laurent et al. 2013), however this technique has not been used on coral cells 
possessing autofluorescence from GFP-type proteins. The novel use of sequential scanning in 
this investigation allowed for independent excitation and imaging of autofluorescence and 
SNARF- 1 AM dye without signals interfering with each other.  In vivo calibration of 
SNARF-1 AM dye was conducted in both F and NF E. glabrescens cells. A calibration curve 
of ratio (R) of 585 nm/640 nm against pH was constructed (Appendix 5). Interestingly, F and 
NF morphs had significantly different R values for end titration points, however this was not 
due to inaccuracies in calibration as both curves had r2 values >0.99. Furthermore, it was not 
due to bleed through of autofluorescence in the F morph as sequential scanning removed any 
effect of the GFP-type protein or the 488 nm excitation, and 561 nm used for SNARF-1 AM 
excitation did not excite autofluorescence. These calibration curves were related to pH 
through the equation: 
 
pH = pKa – LOG((R-RB/RA-R)   FB(O2)/FA(O2))  
 
The r2 value of these graphs were >0.99 (Appendix 5). Of particular difficulty, was collecting 
data on the FA(O2) and FB(O2) constants, which is the fluorescent intensity (arbitrary units) of 
the second channel (640 nm) in the end-points of the titration (6 and 8.5, respectively). 
Unlike the other constants in the equation (R, RA and RB) FA(O2) and FB(O2)  are not ratios, and 
are, therefore, highly susceptible to fluctuations in dye concentration, sample thickness etc. 
To avoid artificial differences in fluorescence, a single batch of cells for each of the F and NF 
morphs was loaded with SNARF-1 AM, and then the cells were later split into 2 subsamples 
for each endpoint calibration buffer, ensuring identical dye loading between the endpoints. 
Through this calibration, pHi could then be quantitatively measured. 
 
Preliminary observations of pHi response to alternating light excitation with 1% 488 nm 
highlighted significant differences in pH fluctuations between the cytosol and vesicles 
(Figure 3.10c). This is consistent with literature as vesicles are highly permeable to protons 
yet do not have a pH regulatory system, whereas cytosol pH is stringently controlled 
(Jankowski et al. 2001). Although cytosol and vesicle pH fluctuated over the 8-min 
experiment (0.1 and 0.5 pH units respectively), these pH changes were not clearly in response 
to 488 nm excitation. To fully elucidate whether pHi changes in response to light 
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illumination, longer exposure times were needed as well as constant illumination, rather than 
alternating exposure. In addition, it was identified that at high magnification (100× objective, 
10× zoom) excitation of the GFP-type protein with the 488 nm argon laser at 1% was not a 
biologically relevant light source as it was likely to be too intense and fluctuations in pHi may 
be a result of cell stress. For the longer experiments, sample illumination was achieved by 
using a fluorescent lamp at biologically relevant intensities. (100 μmol m-2s-1 and 200 μmol 
m-2s-1) Moreover, even though vesicles had greater fluctuations in pH and may show clearer 
responses to illumination than cytosolic pH, due to the large range of vesicles present in cells 
(endocytic vesicles, lysosomes etc) with varying pH (Casey et al. 2010) – and the inability to 
differentiate between them, they were not used for further analysis of the effect of light on 
cellular pH. Only the cytoplasm was measured to determine pH in subsequent investigations. 
 
 
 
Figure 3.10: (a) Ratiometric pHi and corresponding (b) confocal image of NF E. glabrescens 
morph. (c) Response of cytosolic and vesicle pHi to alternating excitation of 488 nm at 1%. 
No excitation (grey areas) at 0-2 min and 4-6 min, and 1% 488 nm excitation (white areas) at 
2-4 min and 6-8 min. 
 
Investigations into pHi response to 480 ± 20 nm (blue) and 593 ± 20 nm (red) illumination at 
100 μmol m-2s-1 in F an NF morphs of E. glabrescens yielded no significant change in 
cytosolic pH during the 60 min period (Appendix 6). An additional measurement of F blue 
c 
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illumination was taken, which showed a significant drop in pH from pH6.91 ± 0.06 to pH6.72 
± 0.05 (Appendix 6). This decrease in pH was also observed in a dark F control of no 
excitation, and may have been a result of cell death due to the extended time in FSW rather 
than a response to illumination. To elucidate whether there was some response to blue light 
illumination – more intense light was used to illuminate the cells (200 μmol m-2s-1). 
 
3.2.4 pH of E. glabrescens host during 60-minute illumination 
 
Figure 3.11 (b) and (d) visually shows the difference in pHi between F and NF morphs and 
the large amount of variability in pHi within the cell. This is due to the large variability in pH 
of cellular compartments and organelles, however the cytosolic pH is generally consistent 
throughout the cell.  
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Figure 3.11: Confocal image (a) and corresponding ratiometric pHi (b) of F morph of E. 
glabrescens. Confocal image (c) and corresponding ratiometric pHi (d) of NF morph of E. 
glabrescens. Confocal images: Green - autofluorescence 495-525 nm, yellow - SNARF-1 
AM 575-595 nm, red – SNARF-1 AM 630-650 nm. 
 
E. glabrescens F and NF morphs were exposed to both red and blue light at 200 μmol m-2s-1 
for 60 min and compared to dark controls (Figure 3.12). A key finding was that before 
illumination, the cytosolic pH of F morphs is 6.93 ± 0.06, which is 0.22 pH units lower than 
NF morphs (7.15 ± 0.04). This was a significant difference between F and NF morphs (P 
value = 0.00488). Furthermore, the under illumination the F morph was the only group to 
show a significant difference from the dark control (P value = 0.042). At 60 min F blue was 
pH 6.80 ± 0.04, 0.16 pH units lower than the dark control at 60 min pH 6.96 ± 0.06. There 
was no significant difference in the dark control of the F morph from 0 min to 60 min (pH 
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6.93 ± 0.06 and pH 6.96 ± 0.06 respectively). Therefore, it can be concluded that changes in 
pHi of F blue are a result of illumination rather than an effect of time. All other treatments (F 
and NF red illumination and NF blue illumination) showed no significant difference from 
dark controls at 60 min. As there was no significant response to the ‘control’ wavelength (red 
illumination) and no response in the ‘control’ morph (NF), this investigation rejects the null 
hypothesis that there is no difference in pH change between F and NF morphs under 
excitation of GFP-type proteins. As the GFP-type protein in E. glabrescens is not a 
membrane bound protein and is present in the majority of cellular compartments, it is 
unlikely that GFP-type proteins would be able to change proton gradients between organelles. 
Therefore, if there is a decrease in pH in the cytoplasm, this may be due to an influx of 
protons from outside the cell. 
 
At 30 min, the only significant difference from 0 min (no illumination) is NF red illumination 
–  which decreased from pH 7.15 ± 0.04 to 7.01 ± 0.04. However it then increased to pH 7.14 
± 0.03 at 60 min, which was not significantly different from the NF dark control at 60 min. 
Although significant fluctuations between the three time points were observed in NF red, no 
overall trend in response to light was identified. 
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Figure 3.12: pHi of E. glabrescens colour morphs in response to constant red and blue 
illumination at 200μmolm-2s-1. pHi taken at 0 (before illumination), 30 and 60 min (dark 
control for each morph also taken at 60min). Bars are ± SE. 
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3.3 Microelectrode Ion Flux Estimation (MIFE)  
3.3.1 E. glabrescens under alternating illumination 
 
MIFE was also used to measure proton flux of E. glabrescens at the tissue level in response 
to alternating white/dark and blue/dark light illumination (Figures 3.13 and 3.14). Under dark 
conditions the there was a H+ efflux of 20 nmol m-2s-1 out of the tissue. Under white light 
(400 μmol m-2s-1) illumination proton flux reversed direction, with coral tissues and taking up 
protons from seawater at a rate of 20 nmol m-2s-1.  
 
Blue light illumination (79 μmol m-2 s-1) was tested on proton flux as it specifically excited 
green GFP-type proteins of E. glabrescens and resulted in a lower rate of proton influx than 
at white light, potentially due to the lower light intensities.  Proton flux was observed to be 
highly dependent on light conditions, however there was no significant difference observed 
between F and NF morphs in response to illumination. As the decrease in pH of the F morph 
previously measured by confocal imaging were quite small (0.16 pH units) this different 
response between F and NF morphs may have not been observed at the tissue level. 
Furthermore, zooxanthellae counts of F and NF morphs were not done in E. glabrescens, so 
any potential proton flux generated by GFP-type proteins may have been masked by the 
varying zooxanthellae concentrations and corresponding photosynthetically induced proton 
flux differences between the morphs. pH was also measured, however the samples size was 
most likely too small to effect pH of the outside bulk solution, as any fluctuation was due to 
movement of the tissue. Because of the high levels of sample movement and no observable 
difference in response between the two morphs, no further investigations of proton flux or pH 
were conducted on E. glabrescens. 
 
 
  57 
 
Figure 3.13: Proton flux of E. glabrescens in response to alternating white light/dark 
illumination, (n = 4). Bars are ± SE. Key: blue = light on, black = light off. 
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Figure 3.14: Proton flux of E. glabrescens colour morphs in response to alternating blue 
light illumination, n = 4. Bars are ± SE. Key: blue line = light on, black line = light off. 
 
3.3.2 F. pallida under alternating illumination 
 
For each MIFE measurement of F. pallida HF and LF tissues, proton flux and ΔpH were 
measured. The initial pH of seawater surrounding F. pallida sub-colonies ranged from pH 
7.9-8.6.  
 
Proton flux in and out of F. pallida again changed direction in response to illumination 
similar to that of E. glabrescens. Proton flux under dark conditions was out of the coral tissue 
at a rate of 5-10 nmol m-2s-1. Under white light illumination, flux reversed as protons were 
taken up by the coral at a rate of up to 32 nmol m-2s-1 in both HF and LF areas. Blue light 
illumination resulted in different mean responses of HF and LF, with flux in HF areas 77 
nmol m-2s-1 and in LF areas 40 nmol m-2s-1, but were not significantly different from each 
other, possibly due to the large variability in fluorescent pigmentation of tissues as well as the 
positioning of the microelectrode tips relative to the position of fluorochromatophores. 
Change in pH also demonstrated this difference between HF and LF areas. In response to 
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illumination (both blue and white), pH increased by 0.3 and 0.45 units, respectively (Figures 
3.17 and 3.15), again confirming that protons were moving into the tissue from the bulk 
solution, increasing the pH of the surrounding seawater. No significant difference was 
identified between HF and LF areas in with proton flux or pH change, as both morphs were 
within standard error of each other. Although there were no differences in ΔpH at any stage 
between the morphs in response to either blue or white excitation, the trajectories of the 
means were becoming separated at the end of each of the 10-min illumination treatments. 
This was also observed in proton flux in response to alternating blue/dark illumination 
(Figure 3.18). This was not observed for proton flux under alternating white/dark 
illumination, and may have been due to the reasons mentioned above or the smaller standard 
error in measurements (Figure 3.16). To test whether ΔpH and proton flux differed between 
HF and LF morphs, it became evident that longer excitation times (30 min) were needed.  
 
 
Figure 3.15: Change in pH in high fluorescent (HF) and low fluorescent (LF) areas of F. 
pallida in response to alternating white light illumination, n = 4. Bars are ± SE. Key: blue 
line = light on, black line = light off. 
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Figure 3.16: Proton flux in HF and LF areas of F. pallida in response to alternating white 
light illumination, n = 4. Bars are ± SE. Key: blue line = light on, black line = light off. 
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Figure 3.17: Change in pH in HF and LF areas of F. pallida in response to alternating blue 
light illumination, n = 4. Bars are ± SE. Key: blue line = light on, black line = light off. 
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Figure 3.18: Proton flux in HF and LF areas of F. pallida in response to blue illumination, n 
= 4. Bars are ± SE. Key: blue = light on, black = light off. 
 
3.3.3 pH of F. pallida under constant light illumination 
 
Figure 3.19 shows the replicates (n=6) of HF areas in response to blue illumination – with the 
ΔpH following two distinct trends. One was significantly higher, plateauing at Δ0.53 pH 
units, whilst other replicates plateaued at Δ0.2 pH units – a value similar to that of LF areas. 
This two-trajectory pattern was also observed in proton flux, and under green and red 
illumination. A key finding was the much higher pH variability in replicates of measurements 
taken in HF areas than LF areas. This variation was not observed in LF areas. It was 
identified that the large difference in responses of replicates was due to the spotted 
pigmentation of fluorescence in F. pallida, and was dependent on whether the microelectrode 
was placed directly above a fluorochromatophore cluster in the HF area (resulting in high 
ΔpH or proton flux) or in-between fluorescent areas (resulting in lower ΔpH and proton flux 
at the same rates as LF areas). Therefore, if measurements of HF areas displayed this two-
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trajectory pattern, replicates clearly exhibiting a lower response like that of LF areas were not 
correctly positioned above a fluorochromatophore and were removed from the results. 
 
 
Figure 3.19: change in pH in HF areas of F. pallida tissue showing all 6 replicates under 
blue illumination at 10 min. 
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Figure 3.20: Representative data of pH from HF and LF areas of F. pallida in response to 
blue illumination at 10 min. 
 
Due to the large variations in starting pH, a representative replicate was chosen for both HF 
and LF areas of F. pallida ΔpH in response to blue illumination. These replicates as the 
starting pH was average (pH 8.2-8.3) and their response to illumination (ΔpH 0.58 for HF 
and ΔpH 0.27 for LF) for was also average for their respective areas. At 10 min both HF and 
LF areas were at a pH 8.23. Steady state (30-40 min) pH of HF was 8.85, and in LF it was 
8.56. ΔpH of 0.62 and 0.33 respectively). 
 
In the MIFE measurements involving longer illumination times of F. pallida, HF and LF 
areas were illuminated with white light (400 μmol m-2s-1), and UV, blue, green and red at 
similar intensities (78 μmol m-2s-1 ± 15 μmol m-2s-1). In all measurements, there were no 
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significant differences between HF and NF areas in dark conditions. Overall, it was found 
that there were significant differences in proton flux and ΔpH between different illumination 
wavelengths in HF areas, but no significant differences in response to wavelength in LF areas 
(3.21-3.24). ΔpH in LF areas in response to white, blue, green and red were all within the 
range of 0.27-0.33 pH units, with UV somewhat lower (0.2) however this was not statistically 
different from the other illumination wavelengths (Figure, 3.23). A similar pattern was also 
identified in the proton flux of NF areas, again with white, blue, green and red being within 
the same range of standard error (14.3-24.4 nmol m-2s-1) with UV in this case being 
significantly lower (5 nmo lm-2s-1) (Figure 3.24). 
 
The response of proton flux and ΔpH in HF areas was dependent on wavelength of 
illumination indicating that GFP-type proteins influenced proton flux. The largest ΔpH was 
observed in response to red and blue illumination (0.63 and 0.58 respectively), followed by 
white light (0.47) green (0.27) and then UV (0.2) (Figure 3.21). Proton flux in HF areas 
showed slightly different responses, with measurements flux in response to green, blue and 
red illumination all within standard error (59.5, 45 and 43 nmol m-2s-1 respectively) (Figure 
3.22).  
 
A 3-way ANOVA (variables of morph, illumination wavelength and time) was conducted on 
all the data (both F and NF) for long light exposure. Overall, it was found that differences 
between illumination (white light, 380 ± 10 nm, 480 ± 10 nm, 527 ± 20 nm and 593 ± 20 nm) 
were statistically significant in both change to pH (P value = 0.000547) and proton flux (P 
value = 1.58e-06). This significant difference in response to different wavelength is a result of 
HF areas, which had much smaller p values for ΔpH and proton flux (0.000183 and 4.349e-05 
respectively) than LF areas (0.75 and 0.029 respectively). The two time intervals (transient 
phase = 10-20 min and steady state = 30-40 min) were also statistically different from each 
other in change to pH (P value = 1.804e-06) and proton flux (P value = 2.281e-05). There is 
also a statistical difference between both morphs (high fluorescent and low fluorescent) in 
change to pH (P value = 0.00072) and proton flux (P value = 0.000296). 
 
This influence of GFP-type proteins on proton movement is seen again through comparisons 
of the response of HF and LF areas per illumination treatment. There were significant 
differences in both proton flux and ΔpH between HF and LF areas in response to both blue 
and red illumination (Figures 3.29-3.30 and 3.33-3.34). HF illumination in response to blue 
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illumination resulted in a ΔpH of almost double that in LF areas (0.53 and 0.27 pH units 
respectively), with a much larger steady state proton flux as well (44.8nmolm-2s-1 and for LF 
26.7 nmolm-2s-1 respectively). This result gives weight to the hypothesis that GFP-type 
proteins may act as proton pumps under excitation, (Agmon 2005; Shinobu and Agmon; 
2015; 2017). As proton flux is greater in HF areas than LF areas, it indicates that under 
excitation of the GFP-type proteins (blue light), GFP-type proteins are actively involved in 
proton pumping under excitation. However, this larger proton flux in HF areas was also 
observed under red illumination – which acted as a ‘control’ wavelength. Under red 
illumination, HF areas had a mean ΔpH of 0. 61 and LF areas 0.27, with mean proton flux in 
both areas 44.7nmolm-2s-1 and 24.4nmolm-2s-1 respectively (Figures 3.33-3.34). With larger 
responses in both ΔpH and proton flux in HF than LF areas in response to both blue and red 
illumination, it once again highlights the presence of GFP-type proteins increases the rate of 
proton flux, however the mechanism by how this happens remains unconfirmed – as the 
proposed ESPT proton pumping pathway of the GFP-type proteins present would not be 
triggered by red illumination, yet proton flux was still larger in HF areas. 
 
No significant difference between HF and LF areas were observed in response to white, UV 
or green excitation (Figures 3.25-3.28, 3.31-3.32). The ΔpH under white illumination showed 
some separation between the mean values of HF and LF areas, yet they were no significantly 
different from each other (P value = 0.183) and there was no difference in proton flux (P 
value = 0.8998). Green illumination resulted in no difference in ΔpH between HF and LF 
areas (P value = 0.7899). The means of proton flux under green illumination were evidently 
different with HF at 56nmolm-2s-1 and LF at 22nmolm-2s-1, however due to large standard 
errors the difference was only of weak significance (P value = 0.0926).  
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3.3.3.1 High fluorescent areas 
 
Figure 3.21: Change in pH in the HF areas of F. pallida in response to different illumination 
wavebands at 10 min, n= 3-4. Bars are ± SE.  Two-way ANOVA indicated significant 
difference between different pH of the illuminating wavelength (P value = 0.000183). 
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Figure 3.22: Proton flux in the HF areas of F. pallida in response to different wavelength 
illumination at 10 min, n= 3-4. Bars are ± SE. Two-way ANOVA indicated significant 
difference between different illumination wavelengths (P value = 4.349e-05 ). 
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3.3.3.2 Low fluorescent areas 
 
Figure 3.23: Change in pH in the LF areas of F. pallida in response to different wavelength 
illumination at 10 min, n= 3-4. Bars are ± SE. Two-way ANOVA indicated no significant 
difference between different illumination wavelengths (P value = 0.75). 
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Figure 3.24: Proton flux in the LF areas of F. pallida in response to different wavelength 
illumination at 10 min, n= 3-4. Bars are ± SE. Two-way ANOVA indicated significant 
difference between different illumination wavelengths (P value = 0.029). 
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3.3.3.3 White light illumination 
 
Figures (3.25-3.26) show no statistical difference in pH change or proton flux between the 
two fluorescent areas in response to white light illumination.  
 
 
 
Figure 3.25: Change in pH in HF and LF areas of F. pallida in response to white light 
illumination, n =3-4. Bars are ± SE. Two-way ANOVA indicated no significant difference 
between the two fluorescent areas (P value = 0.183). 
  72 
 
Figure 3.26: Proton flux in HF and LF areas of F. pallida in response to white light 
illumination, n =3-4. Bars are ± SE. Two-way ANOVA indicated no significant difference 
between the two fluorescent areas (P value = 0.8998). 
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3.3.3.4 UV illumination 
 
Figures (3.27-3.28) show no statistical difference in pH change or proton flux between the 
two fluorescent areas in response to UV illumination.  
 
 
Figure 3.27: Change in pH in HF and LF areas of F. pallida in response to UV illumination, 
n =3-4. Bars are ± SE. Two-way ANOVA indicated no significant difference between the 
two fluorescent areas (P value = 0.9537). 
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Figure 3.28: Proton flux in HF and LF areas of F. pallida in response to UV illumination, n 
=3-4. Bars are ± SE. Two-way ANOVA indicated no significant difference between the two 
fluorescent areas (P value = 0.3874). 
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3.3.3.5 Blue illumination 
 
 Figures (3.29-3.30) show significant difference in both pH change and proton flux between 
the two fluorescent areas in response to blue illumination. pH change in steady state of HF 
areas was 0.53 pH units and in LF 0.27 pH units (Figure 3.29). Steady state HF proton flux 
was 44.8 nmol m-2s-1  and for LF 26.7nmolm-2s-1 (Figure 3.30). 
 
 
 
Figure 3.29: Change in pH in HF and LF areas of F. pallida in response to blue illumination, 
n =3. Bars are ± SE. Two-way ANOVA indicated significant difference between the two 
fluorescent areas (P value = 0.00079). 
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Figure 3.30: Proton flux of HF and LF areas of F. pallida in response to blue illumination, n 
=3. Bars are ± SE. Two-way ANOVA indicated significant difference between the two 
fluorescent areas (P value = 0.00124). 
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3.3.3.6 Green illumination 
 
Figures (3.31-3.32) show there is no significant difference in both pH change and proton flux 
between the two fluorescent areas in response to blue illumination. pH change in steady state 
in both fluorescent areas was 0.25 pH units (Figure 3.31). Interestingly, Steady state proton 
flux of HF was 56nmolm-2s-1, which was significantly different from and for LF 22nmolm-2s-
1) (Figure 3.32). 
 
 
 
Figure 3.31: Change in pH in HF and LF areas of F. pallida in response to green 
illumination, n =3. Bars are ± SE. Two-way ANOVA indicated no significant difference 
between the two fluorescent areas (P value = 0.7899). 
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Figure 3.32: Proton flux in HF and LF areas of F. pallida in response to green illumination, 
n =3. Bars are ± SE. Two-way ANOVA indicated no significant difference between the two 
fluorescent areas (P value = 0.1086). 
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3.3.3.7 Red illumination 
 
Figures (3.33-3.34) show significant difference in both pH change and proton flux between 
the two fluorescent areas in response to red illumination. pH change in steady state of high 
fluorescent morphs was 0.61 pH units and in low fluorescent 0.27 pH units (Figure 3.33). 
Steady state high fluorescent proton flux was 44.7nmolm-2s-1 and for low fluorescent 
24.4nmolm-2s-1) (Figure 3.34). 
 
 
Figure 3.33: Proton flux in HF and LF areas of F. pallida in response to red illumination, n 
=3. Bars are ± SE. Two-way ANOVA indicated a significant difference between the two 
fluorescent areas (P value = 0.02917). 
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Figure 3.34: Proton flux in HF and LF areas of F. pallida in response to red illumination, n 
=3. Bars are ± SE. Two-way ANOVA indicated a significant difference between the two 
fluorescent areas (P value = 0.005607). 
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4. Discussion 
4.1 Overview  
 
GFP-type proteins are widely abundant within reef corals (Alieva et al. 2008; Matz et al. 
1999) and have been identified as photoprotectants and light modulators of the coral 
symbiont zooxanthellae by reducing their photoinhibition (Salih et al. 1998; 2000; Smith et 
al. 2013). As 90% of incident PAR absorbed by corals is converted to heat, zooxanthellae are 
particularly susceptible to heat stress (Brodersen et al. 2014), and therefore need shading by 
GFP-type proteins that is not required by other similar free-living algae. After GFP-type 
proteins lower the energy of incoming light through fluorescence, the coral skeleton also 
manipulates the light environment by acting as a Lambertian-like diffuser, facilitating 
increased light capture by zooxanthellae (Enriquez et al. 2005). Multiple other roles for GFP-
type proteins have been suggested (Salih 2012; Alieva et al. 2008) including acting as 
antioxidants to roles in immune response. One important primary function of GFP-type 
proteins has been identified as biologically relevant electron donors with the implication that 
these proteins can donate to biologically relevant acceptors such as FAD and FMN 
(Bogdanov et al. 2009). Although GFP-type proteins are crucial to reef corals’ health, their 
full physiological function remains a mystery. One of their previously experimentally 
unexplored roles is as light activated proton pumps (Agmon 2005; Shinobu and Agmon 2015; 
2017). This novel investigation addressed the question of whether the presence of GFP-type 
proteins influenced proton flux and pH in corals in response to illumination. 
 
Proton pumping is a fundamental process in living organisms, and efficient regulation of pH 
is becoming increasingly important in the ability of reef corals to adapt to changing climatic 
conditions. Coral reefs are under threat from anthropogenic climate change induced stressors, 
leading to ocean acidification (OA), decreased concentration of carbonate (CO32-) ions and 
increased seawater temperature (Hoegh-Guldberg 1999). If GFP-type proteins were observed 
to be involved in proton movement and pH control in response to light, this would have 
significant implications for coral biology as corals expressing GFP-type proteins are likely to 
be more resilient to OA. In an increasingly acidic environment, these corals could regulate 
pH necessary to maintain efficient calcification and photosynthesis that would otherwise 
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require ATP (Cai et al. 2016). An increased understanding of ion flux and mechanisms that 
control pH are crucial to understand how corals will respond to these changes. 
 
4.2 Fluorescence Characterization 
 
Colour polymorphism in corals has a large impact on stress tolerance and its relationship with 
zooxanthellae. Multicopy genes coding for GFP-type proteins allow corals to modulate 
transcription levels and GFP-type protein concentration in response to light conditions 
(Gittins et al. 2015). As corals have intraspecific phenotypic diversity such as colour morphs, 
comparison of fluorescent and non-fluorescent morphs can be conducted to elucidate 
physiological roles of GFP-type proteins within coral. Multiple studies have previously 
compared colour morphs to determine the relationship between GFP-type proteins and 
zooxanthellae (Salih et al. 2000; Klueter et al. 2006). As GFP-type proteins in corals are 
photoprotective and modulate the light environment of zooxanthellae, corals with highly 
fluorescent phenotypes are more resilient to stressors such as increased temperatures and OA 
(Salih et al. 2000). As these stressors have a compounding effect with photoinhibition of 
zooxanthellae, protecting against excessive irradiance also increases the tolerance to other 
stressors. Due to this increased protection of zooxanthellae, there are larger concentrations of 
zooxanthellae in fluorescent morphs (Klueter et al. 2006). 
 
E. glabrescens had a highly fluorescent (F) green morph, and a beige non-fluorescent (NF) 
morph (Figure 3.1). Spectral analysis of the F morph of E. glabrescens found one emission 
peak at 503 nm, with negligible fluorescence associated with GFP-type proteins observed in 
the NF morph (Figure 3.3). The emission spectra of the F morph was indicative of the 
presence of only one green GFP-type protein, and due to its peak was likely to have an 
anionic chromophore in ground state (Alevia et al. 2008). The variables between corals such 
as different light history and depth, were sufficiently controlled as both morphs were kept in 
an aquarium for several months before pHi measurement. 
 
F. pallida was selected as a coral for study due to its fluorescent patterning, with parts of a 
single corallite and polyp presenting both highly fluorescent (HF) and low fluorescent (LF) 
areas (Figure 3.2(a) and (b)). Fluorescence was in the form of fluorochromatophores (Figure 
3.2). Spectral analysis found one emission peak, indicating the most abundant GFP-type 
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protein had an emission peak at 515 nm, which is likely to be associated with an anionic 
chromophore in ground state (Alevia et al. 2008). As MIFE measurements of F. pallida area 
on the tissue level, there will be multiple factors affecting proton flux and pH change such as 
photosynthesis, respiration and calcification, all of which are light sensitive processes (Kühl 
et al. 1995; Al-Horani et al. 2003; Nakamura et al. 2013). Even though these processes have a 
profound impact on proton flux and pH change, as each polyp has a mottled pigmentation of 
both HF and LF areas, the impact on proton flux of these processes should be consistent 
between these two areas.  
 
Two corals were used for this investigation as neither was suitable for both cellular and tissue 
measurement of pH change. E. glabrescens was ideal for confocal imaging due to its 
consistent fluorescence among F morphs. Furthermore, as measurements were taken at the 
cellular level, variables between morphs such as zooxanthellae concentration and tentacle 
length. were controlled. MIFE measurements of E. glabrescens was not reliable due to the 
excessive movement of the tentacle. F. pallida was better suited for MIFE as this technique 
caused minimal movement, and HF and LF areas were located on the same polyp – removing 
variables associated with different coral samples. However, excising F. pallida tissue for 
confocal imaging resulted in the FPGs being released from the ectodermal cells, disallowing 
comparisons of pHi between fluorescent and non-fluorescent cells.  
 
4.3 Method Development 
4.3.1 Optimizing Confocal imaging method 
 
Before quantification of pH in live coral, multiple areas of the protocol required modification. 
Confocal imaging of E. glabrescens using pHrodo AM was unsuccessful due to 
compartmentalization and bleaching of the dye. As pHrodo AM is not ratiometric, these 
issues created artefacts, previously noted by Hans and Burgess (2009). Furthermore, as the 
tissue was immobilised in 5% agarose, it dried out within 60 min, preventing long 
illumination times. 
 
The pH response of tissues to blue light excitation was first monitored over 40 min using 
pHrodo AM, with alternating 488 nm excitation at 1% intensity on/off every 10 min. 
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Although the tissue was immobilised in 5% agarose, continuous movements of the tissue 
resulted in different fluorescent intensities, again creating artefacts that altered perceived pH. 
This high level of movement in response to blue wavelengths was previously observed by 
Gorbunov and Falkowski (2002), as tentacle movement was greatest in response to 
illumination at  around 480 nm. The use of blue illumination to excite GFP-type proteins is 
central to the objectives of this investigation, so movement of the sample was minimized by 
observing pH change at the cellular level. Furthermore, artefacts from compartmentalization 
and photobleaching of dye were rectified by switching to a ratiometric dye (SNARF-1 AM). 
 
In vivo calibration of SNARF-1 AM was achieved by plotting ratio (R) of 585 nm/640 nm, 
yielding a curve with a r2 value >0.99 (Appendix 5). To confirm that SNARF-1 AM 
responded to changes in pH, NF E. glabrescens cells were exposed to 20 mM of NH4Cl in 
FSW, which is known to increase cellular pH (Venn et al. 2009). This resulted in a pHi 
increase of 0.43 pH units (Figure 3.7), consistent with previous findings (Venn et al. 2009).  
The majority of cells remained viable after the dye loading process (94%) and 60 min after 
loading (88%) (Figure 3.8). 
 
SNARF-1 AM has previously been used to determine pHi of cnidarian cells (Venn et al. 
2009; 2011; 2013; Laurent et al. 2013), however it has not previously been used on corals 
with autofluorescence from GFP-type proteins. The novel use of sequential scanning and 
SNARF-1 AM excitation with 561 nm laser (rather than 488 nm) in this protocol stops 
interferences or bleed-through effects of autofluorescence into the SNARF-1 AM detection 
channels. This amended protocol can be useful for other investigations of pHi of corals 
containing GFP-type proteins, regardless of whether the analysis is specifically on GFP-type 
proteins or not. 
 
Using this protocol, short term (8 min) pH response to alternating light excitation with the 
488 nm laser line at 1% was measured in both the cytosol and vesicles (3.10). Vesicle pH 
fluctuation was five-fold greater than that in the cytosol (Δ0.5 and Δ0.1 pH units, 
respectively). This supports current literature that vesicles do not have a mechanism to 
control pH (Jankowski et al. 2001). For this reason, it is possible that pHi in vesicles would 
be more pronounced in response to illumination than in the cytoplasm. However, 
measurements performed in the current study found high variability of pH values of vesicles. 
This variability is a result of the different types of vesicles present in cells (Casey et al. 
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2010), and consequently vesicles were excluded from subsequent image analyses of pH 
values. Cytosolic pH was considered a more reliable indicator of pH responses to light 
illumination. Using the argon laser (488 nm laser line) for illumination of cells was 
considered to not be biologically relevant, as it was likely to be far too intense, and 
fluctuations in pHi may be a result of cell stress rather than GFP-type protein excitation and 
potential proton pumping. Consequently, illumination was achieved with a fluorescent lamp 
(ABET) with the output adjusted to 100 μmol m-2s-1 and 200 μmol m-2s-1.  
 
4.3.2 Optimizing MIFE protocols 
 
MIFE measurement of E. glabrescens was hindered by the contractions of the excised tissue 
ring, which altered the distance of the microelectrodes from the tissue. Due to significant 
movement of the tissue impacting flux and pH readings, F. pallida was used for subsequent 
MIFE measurements. 
 
MIFE measurements of F. pallida began under alternating illumination with white and blue 
light. Proton flux was again consistent with that of E. glabrescens, with constant flux out of 
the coral under dark conditions, and a sharp reversal of flux under illumination (Figures 3.16 
and 3.18). There were significant light/dark responses in ΔpH and proton flux observed 
(Figures 3.15-3.18), however to elucidate differences between HF and LF areas, longer 
illumination times were needed. Ca2+ flux was also measured, however no response to 
illumination was observed due to excessive noise, generated by the high concentration of 
Ca2+ present in FSW. Ca2+ flux data was not collected for subsequent investigations. 
 
4.4 Cytosolic pH responses to illumination of F and NF morphs of E. 
glabrescens by confocal imaging 
 
Illumination of F and NF cells over a 60-min period with either blue or red light at 100 μmol 
m-2s-1 resulted in no significant changes in cytosolic pH. An additional measurement of the F 
morph under blue excitation taken at 90 min revealed a decrease in pH of 0.19 pH units from 
pH 6.91 ± 0.06 to pH 6.72 ± 0.05 (Appendix 6). This reduced pH was also observed in the 
dark F control, but may have been a result of cell death due to the extended time in FSW 
rather than a response to illumination. To confirm whether this drop was a response to 
excitation of GFP-type proteins or an artefact created by cell apoptosis, cells were 
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illuminated for only 60 min. Furthermore, to trigger a potentially larger change in pH, cells 
were illuminated under more intense light at 200 μmol m-2s-1, which did show a significant 
response. 
 
An interesting finding of this investigation is that cytosolic pH of F morphs’ cells was 0.22 
pH units lower than those in NF morphs, (6.93 ± 0.06 and pH 7.15 ± 0.04 respectively) in the 
dark, before illumination (Figure 3.12). These pH values are similar to the previously 
reported pHi of non-symbiotic coral cells using fluorescent pH dyes, with pHi around 7.3 in 
P. damicornis (Gibbin et al. 2014) and pHi 6.9-7.1 in S. pistillata (Laurent et al. 2013). 
 
Since blue light excites green GFP-type proteins and red light does not, the influence on pH 
of cytosol of these wavelengths was measured in response to 480 ± 10 nm (blue) and 593 ± 
20 nm (red) illumination at 200 μmol m-2s-1. F morph under blue illumination (F blue) was 
the only treatment to show a significant change in pH from the dark control (Figure 3.12). At 
the end of the 60-min excitation, F blue was pH 6.80 ± 0.04, which is 0.16 pH units lower 
than the F dark control (pH 6.96 ± 0.06). There was no change in pH of the dark control from 
0 to 60 min, indicating that the change in pHi of the F blue light was not an effect of cell 
apoptosis. There was also no significant change at the end of the experiment in response to 
red illumination (control wavelength). This indicates that being illuminated with any 
wavelength does not produce a pHi response, the response was specifically to blue 
illumination. As no pHi response was recorded in cells from NF morph (Figure 3.12), it can 
be concluded that GFP-type proteins played a role in the significant acidification of F morph 
cells following blue light excitation. The decrease in pH may account for the initial lower pH 
of the F morph before illumination, as constant exposure to ~1000 μmol m-2s-1 of 
photosynthetic radiation (PAR) which includes blue wavelengths could excite the GFP-type 
proteins and reduce cytosolic pH. The one hour dark incubation of cells before imaging may 
not have been long enough to negate these effects.  
 
An objective of this investigation was to determine whether there is a difference in pH 
response to illumination of fluorescent and non-fluorescent host ectodermal cells of E. 
glabrescens. This was achieved as it was found there was only a change in pHi in the F 
morph and not in NF morphs, and this response was only in response to excitation of the 
GFP-type protein (blue illumination) and not the red (control) illumination, rejecting the null 
hypothesis. The observed decrease in pH of 0.16 pH units in the F morph of E. glabrescens 
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can result in metabolic depression (Busa and Nuccitelli, 1984; Reipschläger and Pörtner, 
1996). This acidification of the coral cells could help balance the large pH increase driven by 
processes such as photosynthesis.   
 
The mechanisms of how GFP-type proteins may result in a decrease in pHi has not been 
elucidated in this study. As the GFP-type protein in E. glabrescens is not a membrane bound 
protein and is present in the majority of cellular compartments, it is unlikely that GFP-type 
proteins would be able to change proton gradients between organelles. It is possible however, 
that due to the high concentration of GFP-type proteins present throughout the cell, that they 
may facilitate a net influx of protons into the cell – resulting in a decrease in the pH of the 
cytoplasm.  
 
In this study’s analysis of cytosolic pH, the stable pH of the NF morph under illumination 
correlates with the findings of Laurent et al. (2013), who found that exposing non-fluorescent 
symbiont-free cells of S. pistillata too 300 μmol m-2s-1 of PAR over 30 min resulted in no 
significant change in cytosolic pH. As no previous reports investigated the role of GFP-type 
proteins in pH regulation at the cellular level, the finding that excitation of GFP-type proteins 
reduces cytosolic pH is novel.  
 
Protons naturally accumulate in cells, so the cell actively expels protons through transporters 
to maintain pHi (Casey et al. 2010). Under excitation, GFP-type proteins were observed to 
increase acidification of the cell rather than contribute to extrusion of protons out of the cell. 
A potential biological advantage of this acidification is a response to photosynthesis by 
zooxanthellae. Photosynthesis – which is also light activated – has a profound effect on coral 
tissue pH, increasing it by 1.2 pH units (Kühl et al 1995). To avoid coral cell alkalisation of 
ectodermal symbiont-free host cells and subsequent metabolic depression due to this greatly 
increased pH, GFP-type proteins could help cells regulate pHi of these cells by pumping 
protons into the cell under excitation.  
 
4.5 MIFE measurement of pH and proton flux in F. pallida 
 
4.5.1 Variability of initial pH 
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The initial pH of seawater surrounding F. pallida sub-colonies ranged from pH 7.9 - 8.6. This 
large range of starting pH (0.7 pH units) was unavoidable and dependent on differences 
between individual polyps, time the sample spent in chamber before measurement etc. 
Furthermore, the starting pH had a large impact on ΔpH, but less so on proton flux. Although 
proton flux and ΔpH are strongly related, they are not completely dependent on each other. 
Proton flux is a more sensitive and accurate measure of proton movement, however is more 
sensitive to noise and movement than ΔpH. Therefore, both measurements are necessary to 
properly elucidate proton dynamics.  
 
4.5.2 High variability in HF areas 
 
Exposing F. pallida to 10 min of dark conditions followed by 30 min of illumination 
highlighted the large variations in both ΔpH and proton flux in HF areas (Figure 3.19). 
Presented were the replicates of measurements of ΔpH in HF areas in response to blue light, 
which gave two distinct trajectories. One group plateaued at Δ0.53 pH units, whilst the other 
replicates were significantly lower at Δ0.2 pH units, which was not significantly different 
from ΔpH in LF areas (Figure 3.19). This pattern was also identified in HF proton flux, as 
well as under green and red illumination, and was not observed in LF areas. It was identified 
that this large separation in responses of replicates was dependent on whether the 
microelectrode was directly positioned above a fluorochromatophore. If it was directly above 
a fluorochromatophore, it would result in a high trajectory, however if the microelectrode 
was to the side or in between fluorescent spots it would give a flux similar to that of NF 
areas.  
 
4.5.3 Differences in proton flux in response to illumination of HF and LF areas of F. 
pallida 
 
E. glabrescens rings of tissue were measured in response to both blue and white light. In the 
dark, there was a net flux of protons out of the tissue, and under light excitation there was a 
net movement of protons into the tissue (Figures 3.13-3.14). This reversal of proton flux 
under illumination was also observed in F. pallida, and is explained by the light activated 
coral processes such as photosynthesis, respiration, and calcification, all of which alter pH. 
Photosynthesis occurs under light conditions and greatly increases pH and produces O2 
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necessary for respiration (Kühl et al. 1995, Al-Horani et al. 2003). Respiration lowers cellular 
pH and produces ATP (Casey et al. 2010), which is used by the Ca2+ATPase pump which 
exchanges H+ ions from the calicoblastic epithelium with Ca2+ from the coelentric fluid. As 
calcification is dependent on respiration which is 6-12 times greater in light conditions, the 
majority of calcification occurs during the daytime (Kühl et al. 1995; Pearse and Muscatine 
1971; Nakamura and Nakamori 2009). 
 
Under blue light illumination the pH of HF areas of F. pallida increased from pH 8.23 to pH 
8.85, with LF areas increasing from pH 8.23 to pH 8.56 (Figure 3.20). These increases in pH 
in response to illumination are consistent with previous investigations into pH of Favia sp., 
which found coral tissue pH increased from 7.3 under dark conditions to pH 8.5 in light 
conditions (Kühl et al. 1995). Other reports found that Porites compressa increased to pH 8.5 
under illumination with PAR (Shashar and Stambler 1992). Both Kühl et al (1995) and 
Shashar and Stambler (1992) found that the pH of coral tissue was 0.5 pH units greater than 
the ambient seawater, which was again consistent with values obtained in this investigation 
(Figure 3.20). This investigation measured the pH of the diffusive boundary layer (DBL) 
surrounding the coral rather than directly measuring tissue pH, however is still consistent 
with other previous research into the DBL that pH increased in response to light (de Beer et 
al. 2000).  
 
There were no significant differences between HF and LF areas of F. pallida in dark 
conditions. Overall, it was found that there were significant differences in proton flux and 
ΔpH between different illumination wavelengths in HF areas, but no significant differences 
in response to wavelength in LF areas (Figure 3.21-3.24), indicating that GFP-type proteins 
do have an impact on proton flux. ΔpH in HF areas in response to blue and red illumination 
was double that of LF areas (Figures 3.29 and 3.33) with a much larger proton flux as well 
(Figures 3.30 and 3.34). Green illumination resulted in a proton flux in HF areas more than 
twice that of NF areas (56 nmol m-2s-1 and LF at 22 nmol m-2s-1), however both of these had 
large standard error (Figure 3.32). There were no significant differences in proton flux or 
ΔpH between HF and LF areas under white or UV light illumination, or ΔpH under green 
illumination (Figures 3.25-3.28 and 3.31). With larger responses in both ΔpH and proton flux 
in HF than LF areas in response to both blue and red illumination, and larger proton flux 
under green illumination it once again highlights the presence of GFP-type proteins increases 
the rate of proton flux under illumination. This finding rejects the null hypothesis that there 
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will be no difference in proton flux between fluorescent and non-fluorescent areas under 
illumination. Although the presence of GFP-type proteins impacts proton flux, the 
mechanism of this relationship remains unconfirmed. If the measured increase in proton 
pumping was a result of the light activated proton movement generated by ESPT in GFP-type 
proteins present, it would not be triggered by red or green illumination (control wavebands), 
yet proton flux was still larger in HF areas under these illuminations. 
 
It may be interpreted that the differences in ΔpH (high flux under blue and red illumination, 
low under green and UV) on the F areas were a result of photosynthesis. These results follow 
the action spectra of zooxanthellae photosynthesis, as zooxanthellae are much more efficient 
at photosynthesizing under blue and red light as opposed to green light. As white light is a 
mixture of these wavelengths, it comes in between red, blue and green. As UV light is not 
PAR it yields the lowest proton flux and ΔpH. However, the different ΔpH in response to 
different wavelength illuminations is likely not solely due to photosynthetic activity of 
zooxanthellae for multiple reasons. Firstly, although blue illumination generates high levels 
of photosynthesis, the ‘red’ illumination used in this investigation is 593 ± 20 nm, which is 
not part of the ‘red’ wavelengths that are most photosynthetically active in zooxanthellae 
(figure 5) (Kühl et al. 1995). Also, this pattern is not replicated in proton flux of HF areas 
with blue, red and green illumination resulting in similar levels of proton flux. Furthermore, 
measurements of zooxanthellae biomass of F. pallida found no significant difference 
between HF and LF areas, with 11-13 zooxanthellae per 100 μm3 for each area (Figure 3.6). 
Although this is an estimation of zooxanthellae population with a large associated error, it is 
a good indication that there should be no difference in proton flux or pH change in HF or LF 
areas generated by photosynthesis. If this ΔpH under blue and red illumination was solely a 
result of photosynthesis from zooxanthellae, this spread of responses based on illumination 
wavelength should also be observed in LF areas, however was not (Figures 3.23-3.24). From 
this, it can be concluded that the varied responses to different illumination wavelengths is not 
simply a result of photosynthesis. Therefore, the presence of GFP-type proteins influences 
proton flux and ΔpH into and out of coral. 
 
Overall, as zooxanthellae concentration is not statistically different in HF or LF areas, the 
novel findings from the MIFE measurements are strong evidence that GFP-type proteins 
increase proton flux approximately two-fold in response to blue and red illumination. Further 
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investigation is needed to determine how GFP-type proteins impact proton flux and why 
proton flux is significantly increased in response to both red and blue illumination.  
 
 
These findings comparing proton flux of HF and LF areas under light excitation at the tissue 
level are also novel. The higher net flux into F. pallida tissue in HF areas under illumination 
is consistent with the confocal imaging of cytosolic pH of E. glabrescens, which found an 
increased flux of protons into cells of the F morph under blue light illumination. Furthermore, 
the larger proton flux observed in both confocal and MIFE data signifies that the presence of 
GFP-type proteins could increase the efficiency of the two-compartment proton flux model 
from zones of rapid photosynthesis (ZP) to zones of rapid calcification (ZC) (Jokiel 2011b). 
This model places ZC in direct contact with the DBL outside the coral surface. Increased 
levels of proton flux out of ZC causes decreases in pH which allows CaCO3 to crystalize out 
of the calcifying fluid (Cohen and Holcomb 2009). This increased flux in fluorescent areas is 
in agreement with the acidification of ectodermal cells observed with confocal imaging. The 
movement of protons into ectodermal cells with GFP-type pigmentation creates strong 
diffusion gradients which increases the pH of the surrounding calcifying fluid, allowing for 
more efficient calcification. 
 
Furthermore, GFP-type proteins would increase acidification of ZP, neutralizing the OH- 
produced by zooxanthellae which acts as a negative feedback to photosynthesis (Nakamura et 
al. 2013). Acidification of ZP is achieved further with the use of vacuolar H+ATPase (VHA) 
that lowers the pH of the symbiosome (Barott et al. 2015). Without this, photosynthesis is 
reduced by 75% (Barott et al. 2015). The acidification of cells containing GFP-type proteins 
observed during pHi imaging of E. glabrescens would also suggest that GFP-type proteins act 
as a carbon concentrating mechanism (CCM) by contributing to this reduction in pH of the 
symbiosome – increasing photosynthetic efficiency.  
 
This project did not elucidate the mechanism by which GFP-type proteins increase proton 
flux at the cellular and tissue level. Currently, the proposed mechanism for light activated 
GFP-type protein proton pumping is via the excited state proton transfer (ESPT) that occurs 
in the chromophore of the GFP-type protein (Agmon 2005; Shinobu and Agmon 2015; 
2017). Under excitation, it is hypothesized that a proton moves from Tyr66 in the 
chromophore and travels along a proton wire (PW) or water wire (WW) to escape the barrel 
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of the GFP-type protein into the bulk solution (Shinobu and Agmon 2017), however this 
explanation remains controversial (Simkovitch et al. 2013; Salna et al. 2016). ESPT and 
potential proton pumping has not been investigated in Anthozoan GFP-type proteins. As 
investigations of E. glabrescens at the cellular level found change in cytosolic pH in response 
to specific excitation of GFP-type proteins (Figure 3.12), it is plausible that the mechanism 
for GFP-type proteins altering pH is by ESPT generated proton pumping. However, red 
illumination at the tissue level of F. pallida also resulted in a larger response in HF areas than 
in LF areas (Figure 3.34). Red illumination would not excite the GFP-type proteins present, 
so this may indicate that ESPT is not the mechanism by which GFP-type proteins modulate 
proton flux in coral, however in vitro testing of GF-type proteins is needed to confirm the 
mechanism.  
 
Together results gathered at the cell level and tissue level highlight the potential role of GFP-
type proteins in proton pumping. At both levels there is increased proton movement and pH 
change in the presence of fluorescence. In E. glabrescens, pHi change was specifically in 
response to blue light (GFP-type protein excitation). Comparatively, tissue level 
measurements of F. pallida indicated larger proton flux and pH change in HF areas in 
response to both blue and red illumination. As the control wavelength (red illumination) also 
triggered increased proton movement in HF areas, the impact GFP-type proteins have on 
proton flux is a result of an unknown mechanism. Red illumination did not trigger a change 
in pHi in E. glabrescens, and this inconsistency between pHi and MIFE measurements may be 
due to different corals measured, different GFP-type proteins present, or different responses 
at tissue and cell level. 
 
4.6 Further Work 
 
Before the role of GFP-type proteins on proton movement can be confirmed, further 
investigations are necessary. Firstly, measurements of pHi using SNARF-1 AM should also 
measure external pH, as this would confirm whether GFP-type proteins increase proton influx 
under excitation. This could be achieved by adding SNARF-1 to external solutions of cells 
already loaded with SNARF-1 AM. SNARF-1 is not a not a neutrally charged 
Aectoxymethyl Ester (AM), and therefore will not be transported into the cell like its 
SNARF-1 AM counterpart. However, it does have the same excitation and emission spectra, 
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allowing for simultaneous measurement of external and internal pH. Measurement of pHi of 
host cells from F. pallida should also be conducted – to give cell and tissue level 
measurements on the same coral. A protocol for excising F. pallida tissue without the 
expulsion of FPGs from the cell needs to be developed. 
 
Further MIFE measurements are also necessary. Although zooxanthellae concentrations in 
HF and LF areas of F. pallida were measured to not be significantly different, to ensure 
photosynthesis is not driving the variations in proton flux, measurements should be repeated 
with the addition of a photosynthetic inhibitor such as 3-(3,4-Dichlorophenyl)-1,1-
dimethylurea (DCMU). DCMU inhibits the electron transport system in photosystem II (PS 
II), which should have minimal impact on GFP-type proteins influence on proton flux 
(Ridley 1977). Although there will be other cellular processes that affect proton movement 
that will react to illumination (respiration, calcification), without photosynthesis these 
processes will remain constant within HF and LF areas on the same polyp.  
 
Although this investigation has observed that GFP-type proteins are involved in proton 
movement, more in-depth investigations are needed to confirm whether GFP-type proteins 
are light-activated proton pumps. In vitro measurements of purified GFP-type proteins from 
corals are necessary as this removes any other potential factors also generating proton 
movement. In vitro investigations such as this are less biologically relevant to of GFP-type 
proteins function in corals, however would be useful in elucidating whether they may be used 
in methods such as optogenetics. 
 
4.7 Implications 
 
Measurements of pHi of E. glabrescens host cells indicated that excitation of GFP-type 
proteins could result in decreases in pH. This could be vastly important to cell processes, as 
GFP-type proteins could prove to be an additional mechanism to modulate pHi. Importantly, 
this process would not involve the use of ATP energy, as it relies solely on blue light 
excitation. Amount of pHi modification could be regulated by GFP-type protein gene 
expression control – with up-regulation in response to increased light to minimise ATP usage 
using other pathways of proton flux (such as ATPases, antiporters or symporters). This 
regulation of GFP-like proteins expression in response to light environments has already been 
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documented (Angelo et al. 2008), with up-regulation of cyan fluorescent proteins in low 
light, and up-regulation of green and red fluorescent proteins in high light – with the most 
acute response in gene expression to blue light illumination. The potential role of GFPs in 
modulating pHi is in keeping with the hypothesis of Angelo et al. (2008), that GFP-type 
proteins are involved in complex functions related to the photobiology of corals. As 
fluorescent E. glabrescens cells were observed to decrease their pH in response to blue 
excitation, this could function in conjunction with vacuolar H+ATPase (VHA) as a CCM, 
which decreases pHi to aid CO2 transport into the zooxanthellae (Barott et al. 2015). 
Fluorescent host cells could lower pH without the expenditure of ATP. This would increase 
photosynthetic efficiency of zooxanthellae, which in turn reduces susceptibility of cellular 
acidosis from OA (Gibbin et al. 2014). Although the interpretation of the MIFE 
measurements of F. pallida are somewhat more convoluted, the major finding of these two 
protocols is still consistent – there is greater proton movement in HF areas than LF areas in 
response to light. GFP-type proteins have also been identified to modulate the light 
absorption and heat of corals, with an observed positive correlation between green 
fluorescence and increased tissue heating (Lyndby et al. 2016). As GFP-type proteins shade 
zooxanthellae through scattering incident irradiation, this also increases light absorption and 
therefore heating of the coral. However, this increased heat is modelled to be only within 
close proximity of GFP-type proteins, and may result in lower temperatures at deeper tissue 
layers – where the majority of zooxanthellae are (Lyndby et al. 2016). It is therefore difficult 
to predict whether this localised heating may counteract or increase some of the proposed 
benefits of GFP-type proteins by putting increased stress on the heat-sensitive zooxanthellae. 
 
If GFP-type proteins can regulate pH of coral, fluorescent corals would have an increased 
resilience to OA. OA will lower the concentration of CO32- and thus aragonite saturation rate 
needed for calcification (Cohen and Holcomb 2009). Currently known proton pump Ca2+-
ATPase could account for this change by pumping protons out of the calcifying fluid, 
however this would require extra energy from the coral that may not be available (Cai et al. 
2016). In this new scenario, gene expression of GFP-type proteins could be up-regulated to 
allow for a much more energy efficient pathway to generate proton flux. Furthermore, if 
GFP-type proteins are identified as light-activated proton pumps, this would classify them as 
opsins, and could be implemented in techniques such as optogenetics. Further structural 
modification would most likely be necessary to optimize proton pumping generated, however 
due to their high fluorescence stability (Leiderman et al. 2006), ease of transfection, minimal 
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cell toxicity (Miyawaki et al. 2002), and large range of excitation and emission spectra, they 
may be developed to be a much-needed expansion to the ‘optogenetic toolkit’ (Deisseroth 
2011). 
 
 
4.8 Conclusion 
 
Fluorescent probes and non-invasive microelectrode measurements were used to observe 
proton movement and pH change at the cellular and tissue level, respectively. pHi of E. 
glabrescens significantly decreased (0.16 pH units) in response to blue light illumination. 
MIFE measurements of F. pallida highlighted that proton flux in HF areas is dependent on 
the wavelength of illumination but not so in LF areas. Furthermore, blue and red light 
illumination resulted in proton flux and pH change in HF areas around double that in LF 
areas. As proton flux was also increased by the red (control) illumination, this indicated that 
the enhanced rate of proton flux may not be a result of proton pumping by GFP-type protein 
excitation. However, the presence of GFP-type proteins does increase proton flux under light 
conditions at both the cellular and tissue level, which could potentially increase resilience of 
corals containing specific GFP-type proteins to changing climactic conditions such as OA. 
Further investigation into the mechanism and extent of the role GFP-type proteins have in 
regulation of proton movement is needed.  
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Appendices 
 
Appendix 1: ImageJ protocol 
 
Confocal images were exported as TIFF files from LAS AF and ratiometric Images were 
created using Fiji (ImageJ software) as well as the plugin ‘Ratio Plus’ using the following 
macros: 
selectWindow("ImageX_ch01.tif"); 
selectWindow("ImageX_ch02.tif"); 
selectWindow("ImageX_ch01.tif"); 
run("32-bit"); 
selectWindow("ImageX_ch02.tif"); 
run("32-bit"); 
run("Ratio Plus", "image1=ImageX_ch01.tif image2=ImageX_ch02.tif background1=A 
clipping_value1=0 background2=B clipping_value2=0 multiplication=1"); 
run("Curve Fitting..."); 
selectWindow("y = a+bx"); 
selectWindow("Ratio"); 
selectWindow("Ratio-transformed"); 
setAutoThreshold("Default"); 
//run("Threshold..."); 
setThreshold(6.0000, 7.5000); 
run("NaN Background"); 
run("Fire"); 
run("Calibration Bar...", "location=[Upper Right] fill=White label=Black number=4 
decimal=1 font=12 zoom=1 overlay"); 
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Appendix 2: Zooxanthellae Biomass  
 
Zooxanthellae Biomass was estimated using Imaris x64 (Bitplane 6.3.1) with the following 
protocol: 
- Z-stacks of confocal images were directly imported into Imaris, creating a 3D 
projection. 
- Signal of zooxanthellae ‘Channel 2’ was adjusted in the ‘display adjustment’ menu to 
‘Min: 20, Max: 100, Gamma: 1, Opacity: 100%’. 
- In the object menu, ‘Create new spots’ is selected with the following properties – 
‘Source channel: 2, Estimated Diameter: 10 μm, Filter Settings: Manual, Threshold 
value: 5’.  
- Under the ‘Statistics’ tab, the total number of spots (zooxanthellae) is presented, 
which is then re-calculated in excel to give zooxanthellae per 100 μm3. 
- This was kept consistent for all measurements of zooxanthellae biomass. 
 
Appendix 3: Microelectrode Preparation 
 
Borosilicate glass capillaries are pulled (GC150-10) are pulled using flaming micropipette 
puller (Model P-87, Sutter instrument co.). Batches of 50 are baked in a conventional oven at 
220°C for 4 hours. Microelectrodes are then salinized through adding 60 μL of 
trichlorobytylsaline (CHK) where the electrodes are baked for a further 30 min. 
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Appendix 4: Measurement of Light Intensity 
 
 
White light excitation of MIFE samples was generated via a light attached to the MIFE unit. 
PAR was measured using a FieldScout light sensor reader (# 3415FX, Spectrum 
Technologies) with the solar radiation sensor (#3670I, Spectrum Technologies). Single 
wavelength bands were measured with the SOLO2 laser power and energy meter (R2, 
gentec-eo). The photodetector (PH100-Si) was placed at the same distance and angle as the 
samples. Once 85% of the detector head (diameter 1cm) was exposed to light, and was 
adjusted to give 2.5mW. The following equation was then used to calculate light intensity in 
μmolm-2s-1: 
 
O                  
 
where O is the wavelength of the illumination light, 25 is the energy of light in W/m2, 
0.00836 is a constant and 0.79 is the area of a circle with a 1cm diameter. 
The light intensities are shown in table A.1. 
 
Table A.1: Wavelength and intensity of illumination used in MIFE experiments. 
Light Wavelength (nm) Intensity (μmol m-2 s-1) 
White 400-700 400 
UV 380 ± 10 63 
Blue 480 ± 10 79 
Green 527 ± 20 87 
Red 593 ± 20 93 
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Appendix 5: Calibration of SNARF-1 AM in vivo of E. glabrescens 
 
 
 
Figure A.1: pHi calibration of SNARF-1 AM from the ratio (R) of 585 nm and 640 nm from 
pH 6-8.5, in isolated ectodermal cells of E. glabrescens in both fluorescent (top) and non-
fluorescent (bottom) morphs. 
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Figure A.2: R was related to pH through the equation: 
 pH = pKa – LOG((R-RB/RA-R)   FB(O2)/FA(O2)) for both fluorescent (top) and non-fluorescent 
(bottom) morphs of E. glabrescens. In this form, the pKa is equal to the y-intercept. 
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Appendix 6: pH change of E. glabrescens in response to 100 μmol m-2s-1 illumination 
 
 
Figure A.3: pHi of E. glabrescens colour morphs in response to red and blue illumination at 
100 μmol m-2s-1. pHi taken at 0, 15, 30, 60 and 90 min (no excitation control also taken at 60 
and 90 min).  
 
pHi of both colour morphs of E. glabrescens showed no significant change over time in 
response to excitation, and showed no significant difference from their respective no 
illumination control. There was a drop in pHi of the fluorescent morph under blue 
illumination from 60 min (pH 6.91) to 90 min (pH 6.72). However, the no excitation control 
of the fluorescent morph also dropped pH from 0 min (pH 6.87) to 90 min (pH6.77) so this 
drop may be due to time rather than illumination.  
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